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Abstract

The Onion Creek Salt Diapir (OCSD) located in the northern Paradox Basin in Utah is a
0.6 km wide X 3.6 km long X 1.6 km tall salt diapir surrounded by variably deformed Paleozoic
through Cenozoic strata. The area is a classic area for the study of deformation around salt
diapirs. This study uses high-resolution GPS-enabled-tablet and 3D photogrammetric outcrop
model-based field mapping, section measuring, thin section petrography, structural restorations,
and newly developed 3D modelling workflows to document the styles, timing, nature, and
distribution of deformation in strata surrounding the OCSD. Permian Cutler Group sediments on
the northern margin of the diapir are differentiated into 14 informal units which document fluvial
system interactions with an abruptly narrowing diapir. Burial wedges deposited above a 600m
wide instep of the diapir margin are composed of 8 wedge halokinetic sequences within 4
tapered composite halokinetic sequences that thin, but do not change facies across an instep of
the diapir margin and are syndepositionally folded.
Eight radial-fault bounded structural domains are recognized, each containing
syndepositional folds. Folds vary in style and wavelength both stratigraphically, and laterally
across the diapir margin. Synclines form microbasins adjacent to the diapir that increase in
wavelength in younger strata. Radial faults offset fold axes and allow structural domains to move
variably against each other. Isopach, facies, and paleocurrent data show that fluvial systems
progressively onlap and erode into the top of the diapir through the entire Permian Cutler
stratigraphy, suggesting that the OCSD did not serve as a topographic barrier to fluvial systems.
This study uses a newly developed workflow to apply thin section derived rock
composition data to a 3D model for the purpose of investigating potential relationships between
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porosity, cement and fault distributions. Thin section petrology point counts and 3D interpolation
of porosity data across faults suggests that near-diapir faults may have served as conduits for
near-diapir fluid systems.
On the SW margin of the diapir Permian Cutler Group strata are fault truncated against
isolated slivers of Paradox salt that form a salt horn structure, not a salt glacier as previously
thought. Mesozoic strata thin towards the diapir, showing that passive diapirism continued into
the Jurassic. Variations in collapse block geometry from the SW margin of the OCSD to the SE
margin of the OCSD suggest that the underlaying megaflap morphology may have served as a
partial control on collapse block geometry and distribution. This work provides an example of
how salt tectonics influences accommodation space near a salt diapir and is applicable in the
mineral, resource storage, carbon capture and energy industries. This work also introduces a
unique workflow for the visualization of field-derived attribute data onto 3D outcrop models for
the purpose of data interpolation and visualization.
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Chapter 1: Introduction
This study focuses on the Onion Creek Salt
Diapir outcropping in Fisher Valley approximately
20 km NE of Moab in east-central Colorado
(Figure 1.1). It is an approximately .6 km wide by
3.6 km long exposure of gypsic caprock
surrounded by halokinetically deformed sediments
ranging from Pennslvanian to Jurassic in age
(Hudec, 1995; Doelling, 2002, Venus et al., 2015)
(Figure 1.2). It is one of 9 NW-SE trending salt
exposures within the salt-anticline region of the
Paradox Basin. Salt diapirs within the Paradox
Basin have been studied as surficial analogues for
subsurface resource exploration and for
understanding near-salt fluid systems impacting the
distribution of sediment-hosted minerals (Bouhlel et
al., 2016; Rowan et al., 2016; Garcia et al., 2018).
Understanding salt diapirism is important for the

Figure 1.1 The Paradox Basin (pink) is a
flexural foreland basin which
contains multiple exposed salt
diapirs. The OCSD is an exposed
diapir proximal to the Paradox
Basin Uncompahgre Uplift thrust
front. Modified from Trudgill,
2011 and Barbeau, 2003

exploration and production of petroleum (Jackson et al., 1995; Hudec & Jackson, 2007; Rowan
et al., 2016; Jackson & Hudec; 2017), understanding salt diapirs as carbon, helium or nuclear
storage sites (Ker, 1999; Lankof et al., 2016; Tarkowski & Czapowski; 2018; Gluyas & Bagudu,
2020), understanding them as natural hazards (Autin, 1984; Lucha et al., 2008), understanding
them as geothermal sources (Daniilidis & Rien, 2017)
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Figure 1.2 Generalized geologic map of study area from Doelling, 2002. The study area focuses
extends around the Onion Creek Salt Diapir, a .6 km wide by 3.6 km long exposure of
gypsic caprock. North of the diapir lies the Fisher Minibasin and south of the diapir
lies the Pariott Minibasin.
2

and for the academic understanding of the unique interactions between depositional
systems and salt diapirs (Jochems & Pederson, 2015; Venus et al., 2015).
1.1 GENERAL TECTONIC SETTING
The Paradox Basin is a large 190 km x 265 km asymmetric foreland basin created by
flexural subsidence due to the basement-involved northwest-southeast trending Uncompahgre
uplift extending through Utah and Colorado (Figure 1.1) (Barbeau, 2003; Elston et al., 1982;
Kluth and DuChene, 2009; Lawton et al., 2015; Trudgill, 2011). The Uncompahgre uplift is
associated with the Greater Ancestral Rocky Mountain (GARM) deformational event affecting
North America in the Late Paleozoic which created a series of asymmetrical syntectonically
filled basins throughout Oklahoma, Texas, New Mexico, Colorado and Utah (Dickinson and
Lawton, 2003; Kluth and DuChene, 2009; Lawton et al., 2015; Ye et al., 1996). Tectonic
deformation is reported as beginning in the early Mississippian (Chesterian-Morrowan),
continuing through the Pennsylvanian, and ending in the early Permian (Wolfcampian) and is
coeval with the Alleghanian Orogeny and the development of foreland basins in the Ouachita
suture belt (Dickinson and Lawton, 2003; Kluth and DuChene, 2009; Ye et al., 1996). The
development of the GARM is attributed to the formation of Pangea as Gondwana and Laurentia
sutured (Dickinson and Lawton, 2003; Kluth and DuChene, 2009; Ye et al., 1996). Debate still
remains as to the mechanisms of GARM deformation with Ye et al., 1996 arguing for a low
dipping subduction geometry, Dickinson & Lawton, 2003 arguing for the sequential closure of
the Ouachita suture belt, and Kluth & Duschene arguing through various publications for
deformation to be driven by oblique distributed shear related to a complicated compressive stress
system in the Laurentian Craton derived from the collision of irregularly shaped continental
margins. Only relatively recently has the Paradox Basin been accepted as a flexural foreland
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basin, whereas in the past it was the subject of continued debate (Barbeau, 2003). Seismic
reflection and well data indicate in the subsurface that basement rocks are thrust southwestward
over Pennsylvanian and Permian syntectonic sediments (Kluth and DuChene, 2009; Lawton et
al., 2015; Trudgill, 2011). Outcrop exposures of Pennsylvanian Paradox Formation (layered
evaporite deposits), Pennsylvanian Honaker Trail Formation (carbonate and fluvial siliciclastic
deposits), and Pennsylvanian - Permian Cutler Group (predominantly fluvial siliciclastics)
record the syndepositional tectonic history of the Paradox Basin evolution (Barbeau, 2003).
In addition to regional tectonics, the Pennsylvanian Honaker Trail Formation, PennPermian Cutler Group, and Mesozoic sediments record the salt tectonism of the Pennsylvanian
Paradox Formation that was initiated variably throughout the foredeep of the Paradox Foreland
Basin (Barbeau, 2003; Kluth and DuChene, 2009; Lawton et al., 2015; Trudgill, 2011). Salt
walls formed during Paradox Basin salt tectonism were topographic highs with adjacent
minibasins that accommodated varying amounts of syn-salt-tectonic-deposition, making the
Paradox Basin and its associated salt exposures excellent areas for studying syn-depositional salt
tectonic processes (Escosa et al., 2018; Giles and Rowan, 2012; Grisi, 2018; Kluth and
DuChene, 2009; Thompson Jobe et al., 2019; Trudgill, 2011, and others). Salt tectonism is
interpreted as beginning with syntectonic progradational Permian Cutler Formation deposits
differentially loading the Pennsylvanian Paradox Formation (Figure 1.3) (Kluth and DuChene,
2009; Trudgill, 2011). Diapirism is believed to have ceased by the Late Triassic – Mid-Jurassic
(Trudgill, 2011; Escosa et al., 2018;. Cretaceous sediments that were deposited over buried
diapirs are not preserved near the Onion Creek Salt Diapir, but are preserved around diapirs
further towards the SE (Doelling, 2002b). There is continued debate as to the impacts of the
Laramide Orogeny on reinitiating salt tectonics or contributing to neogene diapir roof collapse
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Figure 1.3. Structural restorations from Trudgill, 2011 of the Salt Valley Salt Wall west of the Onion Creek Salt Diapir suggest that
diapirism initiated with the basinward progradation of the Undifferentiated Permian Culter Grp. By the Triassic, diapirism is
believed to have lessened significantly. Redrafted from Trudgill, 2011
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(Hudec, 1995; Boyers, 2000; Doelling, 2002). Workers also cite the erosion of the
Colorado River as a major factor in initiating ongoing present-day reactive diapirism (Doelling,
2002).

1.2 SALT TECTONICS
The excellent exposure of salt diapirs and lack of significant tectonic overprinting makes
the Paradox Basin a world-class natural lab for exploring salt tectonics. The study of salt
tectonics or halokinesis is focused on understanding the processes behind the formation and
deformation of salt bodies and the associated stratal geometries created in adjacent strata
(Jackson et al., 1995; Hudec & Jackson, 2007; Jackson and Hudec, 2017; Rowan, 2018). Salt
basins and diapirs are found across the world and record a wide range of salt structures that
formed through the deformation of salt and adjacent sediments (Jackson et al., 1995; Hudec &
Jackson, 2007; Jackson and Hudec, 2017; Rowan, 2018). Salt bodies are typically less dense than
surrounding sediments and can experience differential pressure. To deform and flow, salt must
have an area to flow to, an overburden weaker than the differential pressure the salt body is
experiencing, or an external process creating space (e.g. tectonic induced extension). In other
words, salt itself doesn’t drive salt tectonics, it reacts passively to the differential pressures
created by the overlaying sediment or to outside forces creating space for it to flow to
(Vendeville & Jackson, 1992; Jackson & Hudec; 2017; Rowan, 2018). The three primary drivers
behind salt movement are extension, contraction, or differential loading of overburden (Jackson
et al., 1995; Hudec & Jackson, 2007; Jackson and Hudec, 2017; Rowan, 2018). In the Paradox
Basin, Permian-aged progradation of the Permian Cutler Fm. atop the Pennsylvanian Paradox
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Formation caused differential loading of the salt body and
initiated passive diapirism (Figure 1.3) (Trudgill, 2011).
\Passive diapirism is the syndepositional growth of a
diapir that rises as sediments are deposited around it (Figure
1.4) (Hudec and Jackson, 2007; Jackson & Hudec; 2017;
Giles & Rowan, 2012; Rowan, 2018; Rowan and Giles,
2020). During passive diapirism the diapir itself may be
periodically buried as depositional systems flow across it, but
the diapir may repeatedly breach through the thin sediment
roof (Rowan & Giles, 2020). In cross sectional view any
sediment roof over the diapir is significantly thinner than
sediment accumulations around the diapir. As the diapir rises,
adjacent sediments subside due to the nearby buried salt flows
into the diapir (Figure 1.4). This impacts volumes of sediment
and facies distributions of sediments adjacent to diapirs.
Cycles of passive diapiric rise and sediment deposition and
subsidence are recorded in the rock record through halokinetic
sequence stratigraphy (Giles & Rowan, 2012). Halokinetic
sequences are unconformity-bound
packages of thinned and folded strata
adjacent to passively rising diapirs (Figure
1.5). Halokinetic sequence deformation
zones range from 30 – 1000 m away from

Figure 1.4 An example of passive diapirism and tapered
composite halokinetic sequence formation:
A. a thick roof panel over an inflating
diapir and causes erosional truncation of
the roof panel (Wedge 1); B. overlay of
Wedge 1 by Wedge 2; C. erosional
truncation of Wedge 2 over inflating diapir;
D. onlap and overlap of Wedge 3 over
Wedge 2; E. erosional truncation of Wedge
3 and onlap of Wedge 4. Adapted from
Giles & Rowan, 2012
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the salt diapir and have either a hook or wedge geometries. Hook halokinetic sequences fold off
of the diapir in hook shaped 50 – 200 m zone. Within that zone angular unconformities are <90°
and there may be abrupt facies changes near the diapir. Wedge halokinetic sequences may fold
off of the diapir along a broader 300 – 1000m distance, have <30° angular unconformities and
contain broad zones of gradational facies changes. These halokentic sequences occur at a similar
frequency to sequence stratigraphic parasequences,and may stack to form tabular composite
halokinetic sequences or tapered composite halokinetic sequences. Tabular CHS form from
vertically stacked hooked halokinetic sequences and have a narrow zone of thinning adjacent to
the diapir. A zone of monoclinal folding forms parallel to the diapir. Stacked wedge halokinetic
sequences form tapered composite halokinetic sequences which have convergent base and top
boundaries, a broad zone of thinning towards the diapir, and a monoclinal axis that progressively
incline away from the diapir (Giles and Rowan, 2012).
Sediments deposited as halokinetic sequences adjacent to passive diapirs may be
deformed into a variety of salt structures. Megaflaps, burial wedges, and salt shoulders are
examples salt structures that are made up of deformed halokinetic sequences (Rowan et al., 2016;
McFarland, 2016; Langford et al., 2021). Megaflaps are steep stratal panels that extend far up the
sides of salt diapirs for multiple kilometers, separating them from smaller scale composite
halokinetic sequences (Figure 1.6a) ( Rowan et al., 2016; Escosa et al., 2018; Gannaway-Dalton;
2019; Jobe et al., 2020). They may form through kink-band hinge migration or limb rotation of a
diapir’s roof during contraction or passive diapirism (Rowan et al., 2016; Escosa et al., 2018;
Gannaway-Dalton; 2019; Jobe et al., 2020). Burial wedges are deposits of sediments which
deposited on top of a salt diapir when the rate of diapirism is outpaced by the rate of
sedimentation (Figure 1.6b) (Langford et al., 2021). Burial wedges may fully or partially cover a
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Figure 1.5. Descriptions of halokinetic and composite halokinetic sequences. A. hook
halokinetic sequence B. wedge halokinetic sequence C. tabular composite
halokinetic sequence and D. tapered composite halokinetic sequences.
From Giles and Rowan, 2012
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portion of the diapir and does not get rotated during later diapirism. When a burial wedge
covers only a portion of the diapir and forces an inwards step of the diapir margin, the area of
instep is called a salt shoulder (Langford et al., 2021). Burial wedges on top of a salt shoulder are
deformed as the un-buried portion of the diapir passively rises, forming a steep salt-sediment
contact. In some cases, during passive diapirism if salt is suddenly allowed to flow laterally, it
may, creating a horizontal deposit above the surface. When flowing without a roof, this may be
called a salt glacier or a Namakier (Figure 1.6c) (Jackson & Hudec, 2017; Rowan, 2018;
Rasmussen, 2014; Rasmussen, 2016). Should the salt glacier flow only a short distance over the
surface and become subsequently buried it is preserved as a subhorizontal wedge of salt, called a
salt wing (Hudec & Jackson, 2007; Jackson & Hudec, 2017; Rowan, 2018).
Previous workers hypothesized that diapirs may also undergo an active and reactive
diapirism phase (Vendeville & Jackson, 1992; Hudec & Jackson, 2007; Jackson & Hudec, 2017;
Rowan, 2018; Rowan & Giles, 2021). During active diapirism diapirs rise by arching, uplifting,
or deforming their roofs. This occurs when the pressure exercised by the overburden on a salt
layer exceeds the strength and weight of the roof and can happen halokinetically at diapirs with
thin roofs or under the influence of regional tectonic compression (Vendeville & Jackson, 1992;
Hudec & Jackson, 2007; Jackson & Hudec, 2017; Rowan, 2018; Rowan & Giles, 2021).
Reactive diapirism happens when salt flows into space created by regional or gravity-spreading
related extension (Vendeville & Jackson, 1992; Hudec & Jackson, 2007; Jackson & Hudec,
2017; Rowan, 2018; Rowan & Giles, 2021). Previous workers interpret that portions of the
Paradox Basin currently is in a phase of reactive diapirism (Walsh & Shultz-Ela, 2003; Jackson
& Hudec, 2017). Due to regional extension, Laramide contraction and relaxation, or erosion,
workers hypothesize that Paradox Basin diapirs experienced roof collapse where lithified
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Figure 1.6. A. Schematic example of a megaflap from Rowan et al., 2016. B.
Schematic of burial wedges over a salt shoulder C. Schematic
of a Paradox Basin Namakier from Rasmussen, 2014

11

overburden faulted into blocks that collapsed into salt (Figure 1.7) (Boyers, 2000;
Doelling 2002). In some models, groundwater percolating through joints or faults can dissolve
buried salt, leaving room for the roof to subside as individual fault blocks (Doelling, 2002). With
collapse of the roof and erosion of overburden, reactive diapirism can occur in the newly created
space.

1.3 MOTIVATION
A number of models have been proposed to explain the variety of deformation exposed
around the Onion Creek Salt Diapir. Previous authors have proposed the presence of namakiers
and salt wings, roof collapse features, and megaflaps outcropping at different stratigraphic levels
(Boyers, 2000; Doelling, 2002; Rasmussen, 2014; Rasmussen, 2016; Grisi, 2018; Hudec, pers.
Comms). Other authors have used these proposed geologic contexts to investigate fluvio-diapir
interactions (Venus et al., 2015; Cook, 2017). However, no author has put the Onion Creek Salt
Diapir fully in the context of halokinetic sequence stratigraphy and recent salt tectonic theory.
Heterogenous deformation on the North side of the Onion Creek Salt Diapir has been observed
but not fully described (Trudgill, 2011). This study aims to document and describe the
heterogeneity of halokinetic deformation outcropping around the Onion Creek Salt Diapir.
Additionally, this work focuses on quantifying syndepositional variations in sediment
distributions to better understand how depositional systems interact with passive diapirs. This
work predominantly focuses on the undifferentiated Permian Cutler Formation outcropping on
the Northern side of the Onion Creek Salt Diapir. Once described, causal mechanisms may be
investigated and the history of the diapir may be interpreted. To do this, a mappable stratigraphy
much be created for the undifferentiated sediments, and the geology must be mapped. Once

12

Figure 1.7. A schematic example of passive diapir rise (above) and initial roof collapse (below). Adapted from Vendeville and
Jackson, 1992
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mapped structure may be described, and deformation may be explored. Halokinetic
models may be tested and the diapir may be put into a salt tectonic framework.

1.4 METHODS
This study marries traditional field methods with newer technological advances to
generate a robust dataset that allows for unprecedented levels of insight into the geologic history
of the study area. Field mapping, section measuring, cross section restoration, photography and
thin section petrography were used to document and investigate observations within the study
area. Field mapping was augmented by the use of ~2 m resolution Bluetooth GPSs tethered to
Linux-enabled Chromebooks and Microsoft Surface Devices to collect field data directly into
geographic information software. QGIS, an open-source geographic information software, was
used collect all mapped and measured section data and generate maps. Field Move Clino, a
phone app with data collection capabilities, was used to collect small scale geo-located outcrop
photographs. Larger scale photographs were taken using drones and hand held DSLR or 4/3
cameras. Structural transects were digitized in QGIS using the QProf plugin and were exported
for drafting in adobe illustrator. A series of 3D photogrammetric models were made across the
study area from drone-based photography. Aerial photographs were collected using the DJI Go 4
and Drone Deploy drone flight tools and merged using the Agisoft Metashape software. Multiple
3D model software tools were tested for effective use in integrating the mapped data with the
3D, and Agisoft Metashape was chosen given its ability to smoothly transfer shapefiles between
the 3D model and QGIS. Further analysis of data was conducted using the PVGeo and PYVista
Python modules to visualize sediment thickness distributions and thin section petrography results
in 3D (Sullivan & Kaszynski, 2019; Sullivan & Trainor-Guitton; 2019). Thin section
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petrography studies composed of conducting point counts on standard thin sections using a
petrographic microscope. Statistical analysis of thin section petrography results was conducted
using the pandas, numpy, and sci-kit learn modules in python. Multiple workflows were
developed for use in this study and are shown in appendix A and preserved online at
dfbrav.github.io. Figure 1.8 summarizes the generalized workflow used in integrating field data
with the 3D data. Geologic data and aerial drone surveys were collected in the field and
processed on the computer. 3D Models and field data were then integrated within Agisoft
Metashape or Blender on a desktop or tablet workstation. Processed drone model data and DEMs
were exported from Agisoft Metashape and imported alongside thickness or thin section
measurement data into Python for further visualization or analysis.

1.5 SUMMARY OF CHAPTERS
Chapter 2 focuses on the undifferentiated Permian Cutler sediments exposed on the north
side of the Onion Creek Salt Diapir and presents a mappable stratigraphy for it. With a mappable
stratigraphy, the undifferentiated Permian Cutler sediments may be put in a halokinetic sequence
stratigraphic context and facies and unit thickness variations across the diapir may be quantified.
Interpretations may be made on the interactions between depositional systems and diapirism.
Chapter 3 uses that stratigraphy to characterize deformation across the outcrop belt. The type of
salt structure is characterized, and structural restorations are used to explore timing of
deformation and causal mechanisms. Chapter 4 explores the potential of faults near the diapir
acting as fluid conduits. Chapter 5 explores the salt structures surrounding the southern side of
the Onion Creek Salt Diapir and explores the salt tectonic history of the Onion Creek Salt Diapir.
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Figure 1.8. Schematic diagram of general workflow used in this study.
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Chapter 2: Depositional Interactions between the Permian Cutler Group Fluvial System
with the Halokinetic Rise of the Onion Creek Salt Diapir, Paradox Basin, Utah

2.1 ABSTRACT
Along the northern margin of the Onion Creek Salt Diapir (OCSD), approximately 19 km
NE of Moab, Utah, syndepositionally folded and faulted strata belonging to the undifferentiated
Permian Cutler Group are deformed within a ~300 - 600 m wide area in contact with the OCSD.
North of the zone of deformation strata dip homoclinally northward into the Fisher minibasin.
This study for the first time was able to correlate stratigraphy in the undifferentiated Permian
Cutler Group. Strata were divided into fourteen units to map structures and identify influences on
deposition using measured sections, field mapping, photogrammetric outcrop modelling, and 3D
isopach mapping. This study identifies eight wedge halokinetic sequences forming four
composite halokinetic sequences that 1) thin onto the diapir, 2) vary in thickness along strike, 3)
show abrupt thickness and facies variations across radial faults, 4) fill microbasins formed by
syndepositional synclines and 5) show that though the OCSD was passively rising throughout
deposition of the mid-late Permian upper Cutler Group fluvial system, it likely never served as a
topographic control on sediment dispersal patterns.
2.2 Introduction
In general, published models of the interaction of fluvial systems with passive diapirs
simplistically treat diapirs as paleo-topographic highs that either divert regional fluvial channel
systems around them or become buried by the fluvial system when near-diapir sedimentation
rates outpace diapiric rise rates (Andrie et al. 2007; Matthews et al., 2007; Banham & Mountney,
2013; Venus et al., 2015; Cook, 2017; Hartley & Evenstar, 2018). These studies tend to be based
on a broader scale view of the halokinetic system spanning from diapir high to depositional lows
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created by the adjacent salt withdrawal minibasins, which is typically on the scale of many
kilometers (Rowan and Giles, in press). However, few studies have looked specifically at the
near-diapir halokinetic interaction of salt diapirs and fluvial systems, which takes place within a
kilometer of passively rising diapirs (Andrie et al., 2007; Giles and Rowan, 2012; Cook, 2017
Rowan and Giles, in press). It is this local area where diapir-related hydrocarbon traps with
fluvial reservoir facies are developed (Giles and Rowan, 2012). This area is also often poorly
imaged on seismic data due the proximity to salt, structural complexity associated with
halokinetic deformation and limitations of seismic processing algorithms. Thus, detailed outcrop
analog studies are invaluable for providing predictive models of fluvial facies trends in relation
to halokinetic deformation.
The Onion Creek salt diapir (OCSD), located in the northern part of the Paradox Basin in
Utah contains easily accessible, exceptional exposures of the diapir and adjacent fluvial strata of
the Permian Cutler Group (Figures 2.1 & Plate 1). Previous studies of Cutler Group fluvial
architecture in the area are on the broader diapir (100s of m) to minibasin (km) scale (Venus et
al., 2015) and local halokinetic scale (<500 m) (Cook, 2017). Both studies observed a general
coarsening- upward trend to the lithofacies but attribute that trend to different diapir-related
topography scenarios. Venus et al. (2015) concluded that mid-Permian Cutler Group fluvial
channel systems derived from the Uncompahgre uplift to the north, were diverted by the
topographic high of the OCSD to the W/SW towards a bypass corridor through the Big Bend
Minibasin (Plate 1), but late Permian Cutler Group fluvial channels flowed southward directly
over the diapir and buried it. In their model, fine-grained pond and over bank deposits
characterize the early-mid Permian Cutler Group deposition adjacent to the OCSD and multistoried coarser-grained fluvial channel systems were deposited there during late Permian.
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Cook (2017) generally argues for the opposite relationship of relative topographic relief of the
OCSD. In his model, early in the deposition of the Cutler Group sediments, the OCSD did not
form enough topographic relief to divert fluvial systems, but during later deposition the OCSD
provided sufficient topographic relief to force the fluvial channel systems to deposit their
coarser-grained sediment loads on the north side of OCSD before re-routing around the diapir.
Neither study utilized mappable stratigraphic units needed to accurately correlate the Cutler
Group across locally highly deformed outcrops near the OCSD. This study represents the first
detailed sedimentologic/stratigraphic analysis of the near-diapir Cutler Group using mappable
stratigraphic units along the northern margin of OCSD to document the smaller scale details of
halokinetic/fluvial system interactions near the salt /sediment interface and to test the conflicting
models of Venus et al. (2017) and Cook (2017).
2.3 GEOLOGIC SETTING
The Paradox Basin located in southeastern Utah and southwestern Colorado is a 190 km
x 265 km asymmetric foreland basin (Figure 2.1). The basin was created by flexural subsidence
in the Pennsylvanian by basement-involved thrust loading of the Uncompahgre uplift (Elston et
al., 1962; Baars and Stevenson, 1981; Barbeau, 2003; Kluth & Duchene, 2009) (Figure 2.1).
Initial basin fill in the Pennsylvanian (Figure 2.2) comprise cyclically deposited marine
carbonates and evaporites of the Paradox Formation (Fm) (Baker et al., 1933; Szabo and
Wengerd, 1975; Hite and Buckner, 1981; Rasmussen & Rasmussen, 2009). These strata
intertongue along the Uncompahgre thrust front with nonmarine to marginal marine arkosic
conglomerates and sandstones derived from the uplift (Baars and Stevenson, 1981; Barbeau,
2003; Kluth & Duchene, 2009; Trudgill & Paz, 2009; Trudgill, 2011). In the middle and late
Pennsylvanian, the Honaker Trail Fm, consisting of interbedded marine carbonates and mostly

19

Figure 2.1 Location map of the Paradox Basin and Onion Creek salt wall study area.
Inset map showing location of the study area in Utah and the United States.
ARM = Ancestral Rocky Mountain Modified from Trudgill (2011) and
Barbeau (2003)
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Figure 2.2. Stratigraphic column modified from Doelling (2002).
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non-marine siliciclastics, was deposited on top of the Paradox Fm. During the late Pennsylvanian
and Permian, the Cutler Group., mostly nonmarine siliciclastics shed southward off the
Uncompahgre highlands advanced basinward (Figure 2.3), initiating differential sediment loadinduced salt diapirism (Kluth & Duchene, 2009; Trudgill & Paz, 2009; Trudgill, 2011).
Diapirism formed a series of northwest to southeast trending salt walls localized at basement
steps (Figures 2.1 and 2.3). Salt walls proximal to the Uncompahgre uplift began diapirism
earlier than more distal ones (Trudgill, 2011). Separating the salt walls are a series of intervening
NW-SE elongate salt-withdrawal minibasins containing thickened sections of Permian through
Jurassic strata (Elston et al., 1962; Cater, 1970; Hite et al., 1972; Trudgill, 2011). Passive
diapirism continued through the Jurassic influencing deposition of the Triassic Moenkopi and
Chinle Fms (Figure 2.3) and overlying Glen Canyon and San Raphael groups. (Escosa et al.,
2018). The salt walls were minimally shortened during the Sevier and Laramide orogenies
spanning the late Mesozoic and early Cenozoic (Foos, 1999; Boyers, 2000; Ambler, 2004; Baars
& Stevenson, 2009; David & Bump, 2009; Klutch & Duchene, 2009; Liu & Gernis, 2010;
Flowers, 2010). Sediments deposited in foreland basins associated with these orogenies
uniformly buried the Paradox Basin with several kilometers of sediment resulting in hydrocarbon
generation from Paradox Fm source rocks (Nuccio & Condon, 1996; Rasmussen, 2009).
Regional erosion and exhumation in the Neogene resulted in breaching of the salt walls and
crestal fault collapse of the overburden onto the salt (Hudec, 1995; Boyers, 2000; Doelling,
2002; Gutierrez, 2003)
2.3.1 The Cutler Group
The Pennsylvanian – Permian Cutler Group is interpreted as a major Paradox Basin syntectonic sedimentary sequence associated with the Ancestral Rocky Mountain tectonism and the
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Figure 2.3. Redrafted transect and location map from Trudgill (2011) showing the distribution of Permian
Cutler Grp. seismic units in the subsurface.
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driver of sediment-load induced salt tectonics in the basin (Barbeau, 2003; Kluth and
DuChene, 2009; Trudgill, 2011). As such, the Cutler Group exhibits heterogeneity in thickness
and facies throughout the entire Paradox Basin, making correlations between near-source
deposits in the area of salt tectonism and distal deposits challenging (Dubiel, et al., 2009,
Barbeau, 2003). Generally, the base of the Cutler Group strata can be correlated overlying the
Honaker Trail Fm. across the western half of the Paradox Basin (Condon, 1997; Dubiel et al.,
2009), although this is likely an intertongueing relationship, with the uppermost limestones of
the Honaker Trail pinching out to the west (Langford and Chan, 1989; Dubiel et al., 2009).
However in the eastern part of the basin, eolian facies intertongue with the coarse-grained fluvial
strata and surficial correlation becomes difficult (Dubiel et al., 2009).
Surficial exposures of the Cutler Group are divided into proximal, medial, and distal
settings within the foreland basin (Dubiel et al., 2009). The proximal setting (Gateway, CO –
OCSD) is generally called the Cutler Group Undifferentiated, where it contains coarse-grained
alluvial fan and braided stream deposits shed southward from the Uncompahgre uplift (Mack and
Rasmussen, 1984; Condon, 1997; Doelling, 2000; Dubiel et al., 2009). Rasmussen and
Rasmussen (2009) subdivided the proximal Cutler Group into 2 units (Figure 2.4) and interpret
the uppermost unit (Organ Rock Fm.) to correlate to the Cutler Group exposed in the OCSD
study area. In the medial setting (Castle Valley – Moab, UT) the Cutler Group is divided, in
ascending order, into Lower Cutler Beds (mixed marine, fluvial and eolian), Cedar Mesa
Sandstone (eolian dominated), Organ Rock Fm (fluvial dominated), and White Rim Sandstone
(eolian dominated). Southwest of Moab, UT, in the distal setting of the basin the same units
persist with increasing amounts of marine carbonates interbedded within the stratigraphy
(Condon, 1997; Doelling, 2000; Dubiel et al., 2009). Both Trudgill (2011) and Rasmussen
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Figure 2.4. Diagram showing stratigraphic correlations between the fourteen Cutler Group units identified at the
OCSD in this study and Cutler Group units defined in distal portions of the Paradox Basin by other
authors. Modified from Cain & Mountney (2009).
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(2014) have attempted to correlate subsurface stratigraphy across the basin using seismic and
well data, but the lack of near-diapir well penetrations and clear seismic data makes surface to
subsurface correlation difficult (Figure 2.3). While Rasmussen (2014) correlated the surficial
stratigraphy into the subsurface, Trudgill (2011) developed his own seismic stratigraphy. He
correlates his oldest units, P1 – P3, with the Lower Cutler Beds; his units mid-P3 – mid-P5 with
the Cedar Mesa Sandstone, and his youngest units, mid-P5 – P6 with the Organ Rock Fm (Figure
2.3, 2.4).
2.3.2 The Onion Creek Salt Diapir
Along the northern flank of the diapir, folded and faulted Cutler Group strata are exposed
in 3.6 km long by .6 km wide area, which is the focus of this study (Plate 2, Figure 2.5). Here the
Cutler Group and overlying Moenkopi and Triassic – Jurassic Wingate Fms. outcrop as a series
of benches and steep cliffs dissected by deep north-south trending modern canyons that form the
northern side of Fisher Valley. The Cutler Group outcrop extends up to 2.6 km north from its
contact with the diapir to its angular unconformable contact with the overlying Moenkopi Fm.
Much of the outcrop is inaccessible due to cliffs that cross the study area. The diapir/Cutler
Group contact lies near the OCSD with elevations that range from 1451 m to 1622. The Cutler
Group/Moenkopi contact is at. 1900 m elevation (Figure 2.5).
Cutler Group strata is also locally exposed along the southwestern and western sides of
the OCSD (Dane, 1935, Hudec, 1995, Doelling, 2002, Venus et al., 2015) and on the
southeastern side (southern margin of study area) within an exposed near vertical megaflap panel
(Grisi, 2018) (Plate 1). The megaflap contains 150m of the Pennsylvanian Honaker Trail Fm
made up of micaceous sandstone, conglomerate, marine fusulinid and crinoid bearing limestone
plus 15 m of Cutler Group made up of subarkosic sandstone and pebbly conglomerates, that is
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Figure 2.5. Google Earth image of the Northern side of the OCSD study area showing measured section transects (white
lines), informal canyon names (A-F), the outer anticlinal hinge (thick white dashed line), the diapir contact
(red dashed line), the Triassic Moenkopi Fm. contact (grey dashed line), zone of deformation (between thick
white dashed line and red dashed line) and zone homoclinal dips (between thick white dashed line and grey
dashed line). Thin white dashed line is base of cliff. Orange tick marks are the locations of thickness
measurements completed in this study.
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informally assigned to the lower Cutler beds by Grisi (2018). The megaflap lower Cutler Group
strata is separated from the upper Cutler Group strata by an intraformational angular
unconformity (~37°). The Cutler Group is overlain by the Moenkopi Fm at an angular
unconformity (~3°).
2.3.3 The Undifferentiated Cutler Group at the OCSD
The primary focus of this study is on the undifferentiated Permian Cutler Group deposits
outcropping in on the northern side of the OCSD (Fig. 2.5; Plates 1, 2). Previous workers have
attempted to separate the surficial and subsurface undifferentiated Cutler Group deposits north of
OCSD into megasequences (Mack & Rasmussen, 1984), seismic sequences (Trudgill, 2011),
facies (Venus et al., 2015; Cook, 2017) and assign it a stratigraphic name from the current Cutler
Group nomenclature (Rasmussen, 2009, 2014). Mack & Rasmussen (year) worked 23 km away,
in Gateway, CO., at the Uncompahgre Uplift thrust front where they defined 3 megasequences
composed of upward coarsening and upward fining intervals. The uppermost megasequence
underlies an angular unconformity with the Moenkopi Fm. and an unknown thickness of Cutler
Group is missing from the top. Their upper two megasequences extend 800 m below the contact
with the Moenkopi Fm and therefore, it is likely that the Cutler Group exposed on the northern
side of the OCSD correlates with their third, uppermost megasequence and part of the underlying
second megasequence. Their first (lowermost) megasequence is likely buried in the subsurface at
OCSD.
Rasmussen’s field guide (2009) labels the lower undifferentiated Cutler Group outcrops
adjacent to the OCSD as the Organ Rock Fm. (Figure 2.4). His definition of this unit includes the
Cedar Mesa Sandstone within the interval, giving it an aggregate thickness of 300 m to 1,000 m.
Similar outcrops below the Moenkopi Fm are correlated as White Rim Sandstone equivalent by
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Venus et al. (2015). Trudgill (2011) relates published Paradox Basin field maps to wells and
proprietary subsurface seismic reflection data and attributes the sediments outcropping at the
OCSD to his P6 Cutler Group seismic sequences (Figures 2.4, 2.5). Although he only shows
300-400 m of thickness exposed at the diapir along his cross section, he projects angular
unconformities that thin the package from 1000 m, out of a total local Cutler Group thickness of
approximately 3,500 m. Doelling (2002) uses well data to estimate the thickness of the Cutler
Group between diapirs at approximately 4,500 m.
In studies attempting to understand fluvial depositional architecture adjacent to diapirs,
Venus et al. (2015) and Cook (2017) describe facies local to OCSD within the undifferentiated
Cutler Group. Venus et al. (2015) measured Cutler Group sections within the Parriott and Fisher
minibasins in order to understand how salt tectonism affected fluvial deposition at broader scales
(kms). Their study concluded that initially, during middle Cutler Group deposition, salt walls
were forming and acted as topographic barriers that redirected fluvial channel directions and
localized the deposition of overbank deposits near the diapir. Their paleocurrent data collected at
the OCSD and surrounding areas is interpreted as showing a major sediment bypass route west
of the diapir during this stage of diapir evolution. In their model, after the initial generation of
salt walls, they no longer served as topographic barriers to flow and fluvial systems were able to
bury salt diapir crests. Venus et al. (2015) notes that sediments thicken away from the diapir and
likely are deposited as wedge halokinetic sequences. They also concluded that Cutler Group
deposition occurred simultaneous in many of the minibasins surrounding evolving salt walls in
contrast to Trudgill (2011).
Cook (2017) used photogrammetry and measured sections in a limited part of the
exposures on the north side of OCSD to explore the Venus et al., (2015) model predictions. He
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concluded that channel amalgamation increases stratigraphically up section within the sediments
outcropping adjacent to the OCSD. Additionally, he concluded that sediments did not thin onto
the diapir and that localized subsidence near the diapir increased the accumulation of sediment
adjacent to the OCSD. Table 2.1 shows a compilation of previous descriptions of the facies
within the Cutler Group at the northern side of the OCSD.
2.4 METHODS
Generating and correlating a mappable stratigraphy across the OCSD northern margin
field area within the undifferentiated Cutler Group was challenging due to the steep topographic
relief, facies changes, abrupt bedding orientation changes, and local intense penetrative cleavage.
The study utilized exceptional exposures within 6 modern canyons (informally named A-F) that
cut across the strike of the beds and structures (Figure 2.5, Plate 2). A series of 7 partial
stratigraphic sections through the Cutler Group were collected (Figure 2.5). A local stratigraphic
succession of mappable units was created by compiling a composite stratigraphic section starting
in Canyon D at the contact of the diapir with the demonstrably oldest Cutler Group strata and
compiling progressively younger stratal units extending to the Cutler Group/Moenkopi Fm
contact, being mindful of local deformation. Strata are grouped into distinctive stratigraphic units
based on lithofacies, stratal stacking patterns, bounding surfaces, and weathering style. Key
correlative units/surfaces were identified and tracked outward from Canyon D across the study
area to correlate the stratigraphy from canyon to canyon and build the composite stratigraphic
section.
Digital tablet-based field mapping was conducted using ~2m resolution bluetooth Global
Positioning System receiver connected to QGIS, an open source geographic information
software, on a Windows or ChromeOS/Linux Tablet. Where physically inaccessible, key
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correlative units/surfaces were mapped using <1m - ~5m resolution 3D photogrammetric models
built using images collected by drones and processed using the Agisoft Metashape software
suite. The aerial images used in the model were collected over a series of flight missions using
DroneDeploy and DJI GO 4 applications. The final photogrammetric model of the northern side
of the OCSD was built from 6 different drone model flights flown from 2018 to 2021 and is
hosted online at dfbrav.github.io/thesis_models.html. 3D and 2D Isopach maps were generated
from the 3D photogrammetric model, geologic map and 3D map models using Pyvista and
PVGeo Python modules developed by Sullivan & Kazyniski (2019) and Sullivan & TraitorGuitton (2019). All code in the form of juypyter notebooks are available online at the
www.github.com/dfbrav repository.
2.5 CUTLER GROUP STRATIGRAPHIC ANALYSIS
The Cutler Group stratigraphic units are exposed through 6 diapir perpendicular modern
canyons that incise through Cutler Group overburden, locally down to underlying gypsic diapir
caprock. The canyons are informally named Canyon A, Canyon B, Canyon C, Canyon D,
Canyon E and Canyon F (Figure 2.5; Plate 2).
Creation of a three-dimensional model from drone photography that was coupled with
field measurements allowed for accurate estimates of the thickness of the Cutler Group
stratigraphy in places where it was not feasible to measure the thicknesses directly. The exposed
interval is 619 m thick (this study), compared to 527 m measured by Dane (1935) and 1000 m
estimated by Doelling (2002) and Trudgill (2011). The basal Cutler contact is deformed and
partially onlaps the diapir’s gypsum caprock. The upper contact is a 10-degree angular
unconformity, with the Moenkopi Fm. (Doelling, 2002).
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The 619 m exposure of Cutler Group strata may be broadly separated into two
structurally defined areas: a zone of deformation ~ 300 – 600 m wide in contact with the diapir,
characterized by both folding and faulting and, outboard of this zone, a ~1.1 km wide area of
northward, homoclinally dipping strata with minimal deformation (Figure 2.5). The zone of
deformation transitions to the area of northward dipping strata over a broad anticline hinge, here
called the “outer anticlinal hinge” (Figures 2.5, 2.6). North of the outer anticlinal hinge, the
uppermost Cutler Group strata directly underlying the Moenkopi Fm form a 194m thick cliff
composed of fine-medium grained fluvial sediments largely covered by colluvium derived from
the overlying Mesozoic strata (Figure 2.5, thin white dashed line to grey dashed line). Between
the cliff and the outer anticlinal hinge, the Cutler Group forms a ~ 1 km wide bench of silty to
medium grained fluvial strata dipping from 14 to 30 degrees northward. This area accounts for
234 m of the total Cutler Group measured in the study area. South of the outer anticlinal hinge,
the lower 191 m of exposed Cutler Group outcrops within the zone of deformation and is folded
and faulted between the outer anticlinal hinge and the contact with the OCSD. Cutler Group strat
locally either depositionally onlap the diapir or are fault truncated against the diapir. The
Honaker Trail Fm is not present in outcrop on the northern margin of OCSD between the Cutler
Group and the diapir.
2.5.1 Lithofacies and Depositional Facies Associations
Four lithofacies are recognized in the study area: Conglomeratic Sandstone, Laminated
Siltstone, Planar Laminated Sandstone, and Cross-stratified Sandstone (Figure 2.7). Each
lithofacies was described and the depositional setting of the lithofacies interpreted. The
lithofacies are grouped into two distinct depositional facies associations: Braided Fluvial and
Eolian Dune. The lithofacies and depositional facies associations documented in this study are
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Figure 2.6. A) An outcrop mapping example from Canyon D. Location shown in inset map. Units truncate against
and are folded next to the diapir. Fold wavelength increases farther away from salt. Beyond ~ 600 m
away from the salt sediment interface, sediments homoclinally dip northward. B) an outcrop photo of
beds north of the outer anticlinal hinge which are homoclinally dipping northward. C) an outcrop
photo of the zone of deformation showing beds fold D4 adjacent to the OCSD. C) shows the transition
from deformation zone to zone of homoclinal dips.
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Figure 2.7. Images of outcropping facies identified in this study. A) The Conglomeratic
Sandstone facies image shows extraformational and intraformational clasts. B)
the Laminated Siltstone facies image shows brown, thinly bedded micaceous,
very-fine to fine-grained sandy siltstone interbedded with fine-grained
sandstone at the 1-10 cm scale. C) the Cross-Stratified Sandstone facies image
shows red to brownish red micaceous fine to medium grained sandstone
exhibiting a range of sedimentary structures. D) the Planar Laminated
sandstone image shows orange colored very fine to fine grained upward
coarsening horizontally laminated sandstone beds deposited in 1-10 cm
packages.
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compared to those reported by Venus et al. (2015) and Cook (2017) for the Onion Creek area and
summarized in Table 2.1.
2.5.1.1 Conglomeratic Sandstone
The Conglomeratic Sandstone lithofacies is a ledge forming, pinkish gray and gray
weathering, coarse-grained and poorly cemented conglomeratic sandstone containing clasts
ranging in size from pebble to cobble and matrix sand ranging from upper medium to granule
(Figure 2.7A). All conglomeratic deposits within these facies are matrix supported, with
extraformational and intraformational clasts accounting for <10% of the lithofacies. Extraformational clasts are Precambrian metamorphics including quartz, quartzite, gneiss, and schist.
Intraformational clasts consist of local Cutler Group derived siltstone rip-up clasts.
Extraformational clasts are the dominant clast lithology. Intraformational sandstone? rip-up
clasts and sparse amounts of reworked mudstone clasts are concentrated near the diapir contact.
Although the matrix contains abundant feldspar, near the Cutler Groupto Moenkopi Fm contact
quartz content increases, as do clast sizes (up to 30 cm diameter).
The Conglomeratic Sandstone is present in channels up to 3 m thick and 10 m wide, or as
widespread structureless conglomeratic sand sheets, which were used as stratigraphic marker
beds to correlate between canyons. Channels have erosive bases that commonly contain rip up
clasts of the bed below. The channels stack laterally or vertically, forming amalgamated deposits
up to 60 m thick. Trough cross beds within channels indicate paleoflow direction along a general
N/S or NE/SW trend. This facies is equivalent to Venus et al.’s (2015) Extra-Formational Quartz
Conglomerate, Extra-Formational Quartz Conglomerate Mixed Conglomerate, and IntraFormational Conglomerate facies. It forms part of the Trough Cross Stratified and Scour Filled
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Table 2.1. A facies correlation chart relating facies from this study to those of previous authors. Venus et al. (2015) focused on a
wider region than simply the OCSD, whereas Cook (2017) predominantly focused on Canyons C, D and E (Plate 2).
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Facies of Cook (2017); and is also part of Mack & Rasmussen’s (1984) Braided Stream facies,
and part of the Braided Stream Channel facies association of Langford and Chan (1982).
2.5.1.2 Laminated Siltstone
The Laminated Siltstone lithofacies is composed of brown, thinly bedded, micaceous,
very fine to fine-grained sandy siltstone interbedded with fine-grained sandstones on the 1-10 cm
scale (Figure 2.7B). Beds range from 0.3 to 2 m thick and may be amalgamated into units up to
15 m thick. Although generally poorly consolidated, these beds may preserve aqueous ripples or
bioturbation. Lamination is also visible, although most of these units are not well bedded.
Occasional white to gray reduction spots are observed. This facies is equivalent to Venus et al.’s
(2015) laminated mudstone, ripple laminated siltstone, and interbedded silt and very fine sand;
Cook’s (2017) friable laminated fine sandstone; and the overbank interdune facies described by
Langford and Chan (1989) for ancient mixed eolian-fluvial successions.
2.5.1.3 Cross-Stratified Sandstone
This facies is composed of red to brownish red, micaceous, fine- to medium-grained
sandstone. It contains a variety of sedimentary structures (Figure 2.7C) including climbing
ripples, cut and fill structures, trough cross beds and local bleached/oxidized zones. Rare thin
(<0.5 m) channels are distributed throughout these facies. Bed thickness within mapping units
can change from the centimeter to meter scale over short distances (<1 m). It is equivalent to
Venus et al. ’s (2015) current rippled bedded sandstone, trough cross-bedded sandstone, planar
cross-bedded sandstone, and horizontally cross-bedded sandstone; the trough cross-stratified
sandstone of Langford and Chan (1989); and includes the massive sandstone facies of Cook
(2017).
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2.5.1.4 Planar Laminated Sandstone
The Planar Laminated Sandstone lithofacies is composed of orange, very fine to finegrained, upward coarsening, subhorizontally laminated sandstone beds deposited in thin
packages no more than 40cm thick (Figure 2.7D). It may contain minor amounts of cross
bedding. These beds are rare and not widely distributed in the study. It is equivalent to Venus et
al.’s (2015) Planar Laminated Sandstone and the Horizontally Bedded Sandstone of Cook (2017)
2.5.2 Braided Channel System Facies Association
The Conglomeratic Sandstone and Laminated Siltstone lithofacies are interpreted to be
depositional components of a braided fluvial channel system as described by Mack & Rasmussen
(1984), Langford and Chan (1989), Dubiel et al. (2009), Stanesco et al. (2000), and Cain and
Mountney (2009). Three stratigraphic levels of Conglomeratic Sandstone lithofacies are laterally
continuous across the entire accessible field area and the tops were used as local correlation
surfaces to constrain mapped stratigraphy. Other instances of Conglomeratic Sandstone
lithofacies pinch out laterally into the Laminated Siltstone lithofacies. Farther than 600 m from
the diapir-sediment contact there is less heterogeneity in lateral facies transitions. Exposed
deposits follow a repetitive series of fining upwards cycles of Conglomeratic Sandstone
lithofacies that grade upward to Cross Stratified Sandstone lithofacies, capped by Laminated
Siltstone facies. These cycles continue up to the contact with the basal (Tenderfoot Member)
Moenkopi Fm (Figures 2.8 and 2.9).
2.5.3 Eolian Facies Association
The eolian facies association is composed entirely of the Planar Laminated Sandstone
lithofacies. Horizontally laminated strata were observed in small pockets on the central and
eastern side of Canyon 4 within 200 m of the diapir contact and with a lateral extent of <100 m.
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Figure 2.8. Composite measured section for the Cutler Group sediments outcropping north of the OCSD. Measured section is between the
diapir-sediment contact and the Moenkopi Fm. and measures 619 meters. Units are divided along laterally correlative surfaces
and consistent facies changes in outcrop. Rose diagrams show the paleocurrents measured for units where paleocurrents were
observed. Section location in figure 2.4.
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Figure 2.9. Outcrop photos showing characteristic exposures of newly defined stratigraphic Units 1-14
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Limited exposure and weathering obscures the correlation of these facies. They are interpreted as
having been deposited in an eolian setting like Venus et al. ’s (2015) eolian interdune planar
laminated and eolian dune facies, which they interpreted to occur in areas of waning fluvial
activity, climatic aridity, or in an area with increased eolian sediment bypass. They are
interpreted as sand sheet and small dune deposits, like those described by Langford & Chan
(1993) and Langford et al. (2008).
2.5.4 Depositional Environment Interpretation
The sediments outcropping adjacent to the OCSD are primarily of fluvial origin, with one
small section of eolian origin. They were deposited as a braided fluvial system within the middistal fan of an alluvial fan sourced from the Uncompahgre highlands (Doelling, 2002; Cain &
Mountney, 2009; Dubiel et al., 2009; Venus et al., 2015; Cook, 2017). Mean paleocurrent
directions are SW (Figure 2.8), aligning with conclusions of previous workers. However,
variability in paleocurrent direction is observed around syndepositional folds identified in this
study and between conglomeratic sandstone and cross stratified sandstone facies.
2.5.5 Stratigraphic Units
Creating a mappable stratigraphy is critical for correlating coeval facies distributions,
coeval paleocurrents and constraining models for fluvial interactions with diapirs. In this study,
the previously undifferentiated Cutler Group was divided into fourteen lithostratigraphic units
(Figure 2.8). Unit boundaries were defined at abrupt, widespread changes in lithofacies or
depositional facies associations and outcrop style (recessive versus cliffy) (Figure 2.9). Units 3,
6, and 11 which contain abundant Conglomeratic Sandstone beds within braided channel system
facies associations provided key marker beds (Figure 2.8). Plate 2 shows the distribution of
newly defined map units.
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Deformation within the study area has been interpreted as both syndepositional (Trudgill,
2011; Cook, 2017) and post-depositional (Hudec, 1995; Boyers, 2000; Doelling, 2002; Venus et
al., 2015; Cook, 2017), but has not been described in detail. Mapping with this Cutler unit
stratigraphy shows a series of fold axis trending parallel/ subparallel to the diapir-sediment
contact and their syndepositional nature (Plate 2). Fold axes are disrupted along their E/W extent
by steeply dipping radial faults that offset the diapir margin contact and fold axis. Deformation
appears localized within a <600 m zone of deformation between the exposed diapir contact and
the outer anticlinal hinge (Figures 2.5, 2.6; Plate 2). Variations and extent of deformational styles
are explored in the following chapter. Radial faults and fold axis have been labeled for reference
in unit descriptions and later discussions on syndepositional deformation (Plate 2).
Using 113 thickness measurements taken from both measured sections and the 3D
photogrammetric model, a 3D map of unit thicknesses was created which allowed for the
visualization of thickness distributions (isopach maps) across the study area (Figure 2.5). Units
13 and 14 outcrop beyond the extent of the 3-D model and isopach maps for the units were not
produced. The map units 1-14 are described below in terms of their extent, thickness variation
and dominant facies.
2.5.4.1 Unit 1
Unit 1 is exposed in Canyon D where it forms the core of a tight anticline (D4) that
obliquely intersects the diapir/sediment contact (Figures 2.10, 2.11). It is also exposed in Canyon
C to the west where it is in the core of an anticline adjacent to the diapir (C2) (Figures 2.12,
2.13). The unit is formed by 2 poorly exposed recessive cycles of cross-stratified sandstone
overlain by laminated siltstone (5m) and capped by a cliff forming orange coarsening upwards
bed (9 m) of conglomeratic sandstone facies (Figures 2.8 & 2.9). The base of Unit 1 is not
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Figure 2.10. Annotated outcrop example from Canyons D and E showing radial faults and folded strata adjacent
to the OCSD. Location shown in inset.
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Figure 2.11. Annotated outcrop example from Canyons D and E showing folded strata and radial
faults adjacent to the OCSD. Location shown in inset.
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Figure 2.12. Annotated outcrop example from Canyons C, D and E showing
folded strata adjacent to the OCSD. Location shown in inset.
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Figure 2.13. Annotated outcrop example from Canyons B, C and D showing folded strata and
radial faults adjacent to the OCSD. Location shown in inset.
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exposed; however, it is 18 m thick in the Canyon D and 21.9 m thick in Canyon C (Figure 2.14).
The top of Unit 1 is a ledge former and contains the first occurrence of the conglomeratic
sandstone facies in the stratigraphy (Figures 2.8 & 2.9)
2.5.4.2 Unit 2
Unit 2 is exposed in Canyons A, C and D and generally outcrops as a recessive unit
between the conglomeratic sandstone facies of units 1 and 3 (Figures 2.8, 2.9, 2.10, 2.11, 2.12,
2.13, 2.15). It is dominated by recessive laminated siltstone in Canyon D and recessive or cliff
forming bedded sandstone facies in Canyons A & C. In the composite section it measures 6 m
thick but can range up to 29 m thick across the study area (Figure 2.16).
2.5.4.3 Unit 3
Unit 3 is the first of the laterally continuous units that could be traced across the study
area and outcrops in Canyons A, B, C and D (Figures 2.8, 2.9, 2.10, 2.11, 2.12, 2.13, 2.15). It is
a resistant unit of laterally amalgamated channels dominated by conglomeratic sandstone facies
with a subordinate amount of cross bedded sandstone lithofacies. Unit 3 typically exhibits a
distinctive light pink color and forms rounded ledges across its exposure, except for within
Canyon B, where Unit 3 has a deep purple/chocolatey brown color which may lead to it being
confused with the Moenkopi Fm due to chocolatey brown being a color characteristically
associated with that formation (Figure 2.15). In the composite section it measures 18 m thick
(Canyon D) but thickens westward through amalgamation to up to 46 m thick (Canyons A-C)
(Figure 2.17). Unit 3 can be observed in Canyon A in folds A2 and A3. In Canyon B, Unit 3 is
within folds B1, B2, B3, and B4 and sits unconformably on the diapir defining a halokinetic
sequence boundary. In Canyon C, Unit 3 is within folds C2 and C3 and its northernmost
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Figure 2.14. Unit 1 isopach shown on the 3D photogrammetric model. Points represent locations of thickness measurements.
Unit thickness is shown between 0 and 100m with lighter colors representing less thickness and darker colors
representing more. Radial faults and unit contacts are colored in red and black. Units 1-12 are shown here. Unit
1 outcrops thickest in the western portion of the study area and thins significantly into the Canyon D. It does
not outcrop beyond Canyon D.
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Figure 2.15. Annotated outcrop example from Canyons A, B, C and E showing folded strata and radial faults
adjacent to the OCSD. Location shown in inset.
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Figure 2.16. Unit 2 isopach shown on the 3D photogrammetric model. Points represent locations of thickness
measurements. Unit thickness is shown between 0 and 100m with lighter colors representing less thickness and
darker colors representing more. Radial faults and unit contacts are colored in red and black. Units 1-12 are
shown here. Unit 2 outcrops thickest in the western portion of the study area and thins significantly into the
Canyon D. It does not outcrop beyond Canyon D.
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Figure 2.17. Unit 3 isopach shown on the 3D photogrammetric model. Points represent locations of thickness measurements. Unit
thickness is shown between 0 and 100m with lighter colors representing less thickness and darker colors
representing more. Radial faults and unit contacts are colored in red and black. Units 1-12 are shown here. Unit 3
outcrops thickest in the western portion of the study area, and thin significantly into the central portion. It does not
outcrop in the eastern portion of the study area.
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exposure is at the outer anticlinal hinge. In Canyon D Unit 3 is found in folds D2 and D4 which
are offset by radial fault F5.
2.5.4.4 Unit 4
Unit 4 is accessible in Canyons A, C, D and E. It can be traced through the cliffs
surrounding Canyon B (Figures 2.8, 2.8, 2.10, 2.11, 2.12, 2.13, 2.15). Unit 4 is an upward
coarsening laminated siltstone-dominated interval (Figures 2.8, 2.9). The color gradually changes
from orange in the east (Canyon D) to a browner interval in the west (Canyons A-C). In Canyon
D, it is a thin bedded slope former between the ledges of Units 3 and 5. There, Unit 4 begins with
a thin recessive bed dominated by the laminated siltstone facies with subordinate bedded
sandstone facies which coarsens westward within Canyon D to include small amounts of
conglomeratic sandstone. In Canyons A - C, Unit 4 is dominated by cross-stratified sandstone. In
the composite section it measures 29 m thick, but it thickens dramatically westward within
Canyon C up to 108 m, where it forms the cliffs surrounding Canyons A, B and C (Figure 2.18).
The eastward exposure of Unit 4 ends within Canyon E. In Canyons A and B its northernmost
exposure is within the outer anticlinal hinge. In Canyon C it is folded within C1, C2 and C3. In
Canyon D it is found in folds D2 and D4.
2.5.4.5 Unit 5
Unit 5 is accessible in Canyons D and E and observable in the cliffsides surrounding
Canyon A, B, and C (Figures 2.8, 2.9, 2.10, 2.11, 2.12, 2.13, 2.15). Like Unit 4, its outcrop
exposure in the east ends in an anticline (D4) within Canyon E. In Canyon D it measures 9 m
thick and is entirely composed of laminated siltstone facies (Figure 2.7). Throughout the study
area it ranges from 9 m – 30 m in thickness (Figure 2.19). Unit 5 thickens into syncline D5 north
of the diapir/sediment contact and shows increasing amounts of cross-stratified sandstone facies.
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Figure 2.18. Unit 4 isopach shown on the 3D photogrammetric model. Points represent locations of thickness measurements.
Unit thickness is shown between 0 and 100m with lighter colors representing less thickness and darker colors
representing more. Radial faults and unit contacts are colored in red and black. Units 1-12 are shown here. Unit 4
outcrops thickest in the western portion of the study area and thins significantly into the central portion. It does
not outcrop in the eastern portion of the study area.
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Figure 2.19. Unit 5 isopach shown on the 3D photogrammetric model. Points represent locations of thickness measurements.
Unit thickness is shown between 0 and 100m with lighter colors representing less thickness and darker colors
representing more. Radial faults and unit contacts are colored in red and black. Units 1-12 are shown here. Unit 5
outcrops thickest in the central portion of the study area where it thickens into structural lows and thins onto
structural highs. It thins westward atop a structural high.
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Across fault F5 Unit 5 changes facies from laminated siltstone in the footwall to conglomeratic
sandstone facies interbedded with cross stratified sandstone in the hanging wall (Figure 2.20).
Generally, its top and bottom are recessive, and it outcrops within cliffsides. In Canyon C Unit 5
is found in the eastern limb of fold C3. In Canyon D it is found on the southern limb of fold D3,
within the core of fold D5, and in the anticline D4. In Canyon D Unit 5 is accessible across the
outer anticlinal hinge and does not change facies across it (Figure 2.21a). Unit 5 nearly doubles
in thickness into syncline D5 in Canyon D, resulting in onlapping infill of the syncline (Figure
2.11). Whereas Unit 4 showed lateral variations in thickness, Unit 5 shows variations in both
facies and thickness across faults and folds (Figures 2.11a, Figure 2.21).
2.5.4.6 Unit 6
Unit 6 is visibly similar to Unit 3 in its distinctive pinkish color and is one of the most
laterally extensive and mappable units in the study area (Figures 2.9, 2.9, 2.10, 2.11, 2.12, 2.13,
2.15, 2.22). It is most accessible in Canyons D, E, and F. It also caps the cliffs in Canyons A, B
and C. In the composite section Unit 6 measures 20 m thick but reaches up to 60 m thick in the
easternmost portion of the study area (figure 2.23). In Canyon D Unit 6 is almost entirely
composed of the conglomeratic sandstone facies as laterally continuous sheets with very minor
amounts of cross-stratified sandstone facies. There, it thickens into synclines D3 and D5 (Figure
2.24A). Within Canyon F, Unit 6 increases in thickness dramatically and its conglomeratic
sandstone facies component occurs as laterally stacked channels surrounded by laminated
siltstone and bedded sandstone facies (Figure 2.24B). Like Unit 5, it does not change facies
across the outer anticlinal hinge (Figure 2.21A). In the Canyon F Unit 6 erodes onto the top of
salt in an erosive angular unconformity, indicating a halokinetic sequence boundary at the base
(Figures 2.21B).
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Figure 2.20. A measured section and outcrop example of facies changes in Units 4 and 5 across a radial fault F5 in
Canyon D. Both sections are located on the diapir-proximal limb of a syncline. Section A is 30 m long, and
Section B is 38 m long. The distance between the two is approximately 280 m. Across the radial fault (red)
thickens eastward (right) with increasing amounts of thicker laminated siltstone intervals. In contrast, Unit 4
thickens westward (left) where it gains conglomeratic sandstone, planar laminated sandstone, and cross
bedded sandstone facies interbedded with laminated siltstone.
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Figure 2.21. A) outcrop example of units 5, 6, 7 and 8 in Canyon D showing no facies
changes across the outer anticlinal hinge. B) Thin section photograph
and outcrop photo showing Unit 6 erosively cutting into Pennsylvanian
Paradox Fm. carbonates atop the OCSD.
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Figure 2.22. Annotated outcrop example from Canyons A, B, C and E showing folded strata and radial faults
adjacent to the OCSD. Location shown in inset.
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Figure 2.23. Unit 6 isopach shown on the 3D photogrammetric model. Points represent locations of thickness measurements.
Unit thickness is shown between 0 and 100m with lighter colors representing less thickness and darker colors
representing more. Radial faults and unit contacts are colored in red and black. Units 1-12 are shown here. Unit 6
outcrops in the central portion of the study area where it thickens into structural lows and thins onto structural
highs. It thins westward atop a structural high and thickens significantly into the eastern portion of the study area.
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Figure 2.24. An example of changes in conglomeratic sandstone outcrops across the diapir margin within unit 6. In
Canyon 4 (A) Unit 6 is dominated by conglomeratic sandstone that outcrops as a sandsheet that fills in
structural lows (outlined in white). In Canyon 5 (B), Unit 6 becomes more heterolithic and conglomeratic
sandstones outcrop as laterally stacked outcrops between finer grained deposits.
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2.5.4.7 Unit 7
Unit 7 is most accessible in Canyons D, E and F (Figures 2.10, 2.11, 2.22). It pinches out
on top of fold C3 in Canyon C and is not present to the west of fold C3 (Figure 2.13). It ranges
from 0 m to 42 m thick across the study area (2.25). In Canyon D it is dominated by sheet-like
conglomeratic sandstone facies deposits and is separated from Unit 6 by a thin bed of laminated
siltstone. Within Canyon E, Unit 7 thickens into synclines D5 and E2 that are offset by fault F6
(Figure 2.26). In this area it thickens from 14 m (2.26A) in the southern limb to 42 m in its
northern limb (2.26B). The northern limb consists of higher proportions of cross stratified
sandstone and laminated siltstone interbedded with conglomeratic sandstone channels than the
southern limb which is dominated by conglomeratic sandstone facies. In Canyon F Unit 7 is
exposed in the core of syncline E2 (Figure 2.22).
2.5.4.8 Unit 8
Unit 8 is most accessible within Canyons E and F and is observable in the cliffsides
surrounding Canyon D (Figures 2.10, 2.11, 2.22). Like Unit 7, it pinches out on top of fold C3
(Figure 2.13). In the study area it ranges from 0 m to 42 m thick (Figure 2.27). At its base are
resistant cross-stratified sandstone ledges forming beds that fine upward to recessive siltstone
layers at the top. Facies are relatively consistent across the study area and do not appear to
significantly change laterally or away from the diapir. In Canyons E and F, it is found within
syncline E2, elsewhere it outcrops north of the outer anticlinal hinge.
2.5.4.9 Unit 9
Unit 9 is accessible within Canyons E and F and is observable in the cliffsides
surrounding Canyon D (Figures 2.10, 2.11, 2.22). Like units 7 and 8, it pinches out on top of fold
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Figure 2.25. Unit 7 isopach shown on the 3D photogrammetric model. Points represent locations of thickness measurements.
Unit thickness is shown between 0 and 100m with lighter colors representing less thickness and darker colors
representing more. Radial faults and unit contacts are colored in red and black. Units 1-12 are shown here. Unit
7 outcrops as a thin sliver in Canyon 4 but is predominantly exposed in the cliffsides surrounding the central
and eastern portions of the study area. Westward, it pinches out atop a structural high (Cf. figure 2.14).
Eastward, it thickens into structural lows.
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Figure 2.26. A measured section and outcrop example of facies changes in Unit 7 across a faulted syncline axis in eastern
Canyon 3. Section A is on the diapir-distal limb of the syncline and measures 42 m long. Section B is on the diapirproximal limb of the syncline and measures 14 m long. From proximal to distal to salt unit 7 thickens from 14 – 42
m and contains increasing amounts of medium to larger grained sandstones with granule – cobble sized clasts.
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Figure 2.27. Unit 8 isopach shown on the 3D photogrammetric model. Points represent locations of thickness measurements.
Unit thickness is shown between 0 and 100m with lighter colors representing less thickness and darker colors
representing more. Radial faults and unit contacts are colored in red and black. Units 1-12 are shown here. Unit 8
outcrops as a thin sliver in Canyon 4 but is predominantly exposed in the cliffsides surrounding the central and
eastern portions of the study area. Westward, it pinches out atop a structural high (Cf. figure 2.14). Eastward, it
thickens into structural lows.
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C3, (Figure 2.13). It ranges from 0 m thick where it pinches out over the folds to 28 m at its
thickest (Figure 2.28). It is dominated by laminated siltstone facies and contains thin layers of
cross-stratified sandstone, which distinguished it from the coarser grained and more
heterogenous Unit 8. Facies are relatively consistent across the study area and do not appear to
significantly change laterally or away from the diapir. It is found within syncline E2 in Canyons
F and E. In Canyon D it outcrops north of the outer anticlinal hinge.
2.5.4.10 Unit 10
Unit 10 is most accessible on the top of Canyon E and within Canyon F but is visible in
the cliffsides surrounding Canyon D (Figures 2.10, 2.11, 2.22). This unit is the last unit to pinch
out on top of fold C3 (Figure 2.13). It ranges from 0 m where it pinches out over fold C3 to 64 m
in thickness in Canyons E and F (Figure 2.29). At its base Unit 10 is predominantly composed of
cross-stratified sandstone facies, but at its top, comprises a mixed lithology of cross-stratified
sandstone interbedded with laminated siltstone lithofacies (Figure 2.7). Where accessible, facies
are relatively consistent and do not appear to significantly change laterally or away from the
diapir. In Canyons E and F, Unit 10 fills in syncline E2. In Canyon D it outcrops north of the
outer anticlinal hinge.
2.5.4.11 Units 11-13
Above Unit 10, map units were defined at the base of repeating fluvial cycles and
correlated using 3-D photogrammetric drone model imagery between stratigraphic sections. All
units 11-13 beds dip homoclinally northward at an average dip of 20 degrees. These mappable
units represent at least 120 m of Cutler Group strata outcropping between the outer anticlinal
hinge and the overlying Moenkopi Fm contact. Unit 11 shows renewed deposition across the
entire study area and sits with angular unconformity (1-5°) on top of Unit 6 north of Canyons A,
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Figure 2.28. Unit 9 isopach shown on the 3D photogrammetric model. Points represent locations of thickness measurements. Unit
thickness is shown between 0 and 100m with lighter colors representing less thickness and darker colors representing
more. Radial faults and unit contacts are colored in red and black. Units 1-12 are shown here. Unit 9 outcrops as a thin
sliver in Canyon 4 but is predominantly exposed in the cliffsides surrounding the central and eastern portions of the
study area. Westward, it pinches out atop a structural high (Cf. figure 2.14). Eastward, it thickens into structural lows.
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Figure 2.29. Unit 10 isopach shown on the 3D photogrammetric model. Points represent locations of thickness measurements.
Unit thickness is shown between 0 and 100m with lighter colors representing less thickness and darker colors
representing more. Radial faults and unit contacts are colored in red and black. Units 1-12 are shown here. Unit 10
outcrops as a thin sliver in Canyon 4 but is predominantly exposed in the cliffsides surrounding the central and
eastern portions of the study area. Westward, it pinches out atop a structural high (Cf. figure 2.14). Eastward, it
thickens noticeably into structural lows, and is a clear example of sediments thickening into synclines.
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B and C (Figures 2.8, 2.9, 2.10, 2.11, 2.12, 2.13, 2.15, 2.22). Whereas in previous units there was
heterogeneity in the repetition of facies, units 11-13 display consistent repetitive fining upwards
cycles of conglomeratic sandstone facies, cross-stratified sandstone and laminated siltstone
(Figure 2.7). For ease of mapping, units are defined at the top of each cycle. Recessive laminated
siltstone facies mark the transition to the next cycle, which begins with more resistant ledges of
conglomeratic sandstone facies outcrops. In the composite section units 11 – 13 measure 38 m,
40 m and 50 m thick respectively and can range up to 83 – 91 m thick laterally (Figures 2.30 and
2.31). Where accessible, facies are relatively consistent across the study area and do not appear
to significantly change laterally or within structure.
2.5.4.12 Unit 14
Unit 14 contains the same facies patterns as Units 11 -13 but is poorly outcropping due
erosion and cover by modern alluvium derived from the overlying resistant Moenkopi ledges,
making it difficult to reliably separate into individual fluvial cycles. As such, it measures 301 m
thick in the composite section. Where observable, facies patterns are relatively consistent across
the area.
2.6. VARIATIONS IN SEDIMENT DISTRIBUTIONS
2.6.1 Facies Variations
Facies within a given unit vary laterally across the study area and across structural
features. Units 5, 6 and 7 are examples of facies changes accessible from modern drainages and
road cuts. In Unit 5, facies change across radial fault F5 from laminated siltstone to
conglomeratic sands along strike over a distance of 280m (Figure 2.20). Figure 2.26 shows a
similar change in facies across syncline D5 in the Canyon E, where it doubles in thickness across
the synclinal axis. In this example, strata in the fold limb outcropping nearer to the diapir
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Figure 2.30. Unit 11 isopach shown on the 3D photogrammetric model. Points represent locations of thickness measurements.
Unit thickness is shown between 0 and 100m with lighter colors representing less thickness and darker colors
representing more. Radial faults and unit contacts are colored in red and black. Units 1-12 are shown here. Unit 11
outcrops at the edge of the 600 m zone of deformation near the salt sediment interface. Sediments no longer pinch
out on structural highs but still thin onto them.
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Figure 2.31. Unit 12 isopach shown on the 3D photogrammetric model. Points represent locations of thickness measurements.
Unit thickness is shown between 0 and 100m with lighter colors representing less thickness and darker colors
representing more. Radial faults and unit contacts are colored in red and black. Units 1-12 are shown here. Unit 12
outcrops beyond the edge of the 600 m zone of deformation near the salt sediment interface and does not show
significant variations in thickness related to structure across the study area.
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(southside) contains thin sheets of conglomeratic sandstone facies that fine upwards to
laminated siltstone facies with a thickness of 14 m (2.26b). In contrast, strata in the diapir-distal
limb of the syncline (northside) thicken to 41 m and contain conglomeratic sandstone channels
interbedded with laminated siltstone and cross stratified sandstone (Figure 2.26a). Unit 6 has
larger scale facies changes observable between modern canyons. In Canyon D, Unit 6 is easily
correlated as a conglomeratic sandstone sheet and can be traced towards Canyon F, where it
outcrops as laterally stacked conglomeratic sandstone channels interbedded with laminated
siltstone and cross stratified sandstone (Figure 2.24). Facies do not vary across the outer
anticlinal hinge fold axis and do not change near the contact with the diapir (Figure 2.21). Figure
2.21A shows that Unit 6 does not change in facies across the outer anticlinal hinge. Nearer to the
diapir, fluvial channels within Unit 6 incise into a Paradox Fm carbonate inclusion in the diapir
(Figure 2.21B).
2.6.2 Thickness Variations
Thickness variations within units outcropping on the northern side of the OCSD are
observed from west to east, across radial faults, across fold axis, and from the outer anticlinal
hinge to the salt sediment interface. Figure 2.15 shows a wedge of sediment thinning eastward
across Canyons A and B. In addition to facies changes across a radial fault, Figure 2.20 shows
thickness changes across the radial fault F5 in both units 4 and 5. Unit 4 thickens eastward across
fault F5 from 19 m to 30m while Unit 5 thins slightly eastward from 11 m to 9 m. Figure 2.24A
shows how Unit 6 doubled in thickness from 25 m to 46 m into syncline D3 in Canyon D. Lastly,
Figure 2.16 shows how strata thin from the outer anticlinal hinge towards the diapir.
Isopachs summarize lateral thickness changes within units 1-12 (Figures 2.14, 2.15, 2.16,
2.18, 2.19, 2.23, 2.25, 2.27, 2.28, 2.29, 2.30, 2.31). Units 1 – 3 are shown to thicken slightly
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westward, whereas Unit 4 shows a dramatic thickness change (15 m – 108 m) from east to west
in Canyons A, B, C and D (Figures 2.14, 2.15, 2.16, 2.18). Unit 5 is of a relatively consistent
thickness west of fold C3, but in Canyon D, it thickens across radial faults (9 m -14 m) (Figure
2.19). Unit 6 thickens across radial faults and fold axis in Canyons D, E and F (e.g. 20 m – 46 m
between Canyons D and E) (Figure 2.23). Units 7 – 10 pinch out against fold C3 at the eastern
edge of Canyon C and are not present to the west of this fold; but thicken to the east across radial
faults into synclines in Canyons E and F (from 0 m up to 60 m) (Figures 2.25, 2.27, 2.28, 2.29).
Units 11 – 12 are relatively consistent in thickness across the study area and do not show any
significant structurally controlled thickness variations (Figures 2.30, 2.31). Units 11-13 only
outcrop north of the outer anticlinal hinge and are not exposed in the zone of deformation.
2.7. OCSD PERMIAN CUTLER GROUP HALOKINETIC SEQUENCE STRATIGRAPHY
This study interprets the mapped stratigraphy to be composed of eight wedge halokinetic
sequences (WHS), which comprise up to four tapered composite halokinetic sequences (TCHS).
To be considered WHS/TCHS, packages of strata must be bound by angular unconformities, thin
towards the diapir over a distance of 250m – 1000m and be loosely drape-folded adjacent to
passive diapirs (Giles and Rowan, 2012). WHS/TCHS also commonly lack diapir-derived
detritus (Giles and Rowan, 2012). Measured section and photogrammetric thickness model
measurements show that all units thin towards the diapir, over a distance of at least 600 m, and in
general completely lack diapir-derived detritus. However, the heterogenous syndepositional
near-diapir deformation observed in the study area obscures subtle halokinetic contacts between
individual units. Figure 2.32 compares the angle of contacts between units across three transects
in the study area. Transect D – D’ is in Canyon C, E – E’ is at the edge of Canyon C, and H – H’
within Canyon D (Plate 2). The angle of contact is the difference between the dip of two units

72

that are in contact with each other. It was calculated for each unit shown in those sections where
exposed on the northward dipping limb of a near-diapir anticline (Figure 2.32A). Results show
that where they are exposed units 1-3 are generally concordant. However, a significant contact
angle between units 3 and 4 (6 – 8°), suggests that there is a halokinetic sequence boundary
between the two units. The steep angle between the two units suggests that it is a major
halokinetic sequence boundary and is interpreted to be the top of Tapered Composite Halokinetic
Sequence 1 (Figure 2.32B. The angle of contact between units 4, 5 and 6 range from 1-3°,
suggesting that they also are halokinetic sequences. Between units 6 and 11 there is a significant
angular unconformity in section D – D’ where units 7-10 are absent (Figure 2.32C). In sections
E-E’ and H-H’ the angle of contact between units 6 and 7 are 1° and 11°. The complete absence
of unit 7 in D-D’ and the high angle of contact in H-H’ suggests that this is another major
halokinetic sequence boundary and is interpreted to be the top of Tapered Composite Halokinetic
Sequence #2. Units 7-10 are absent in D-D’, but the angle of contact between them is 1-5° in
sections E-E’ and H-H. These contacts are interpreted to be wedge halokinetic sequence
boundaries. The angle of contact between Units 11 and 10 ranges from nonexistent (D-D’) to 3°
(H-H’) (Figure 2.32D). Since Unit 11 represents the return of widespread deposition across the
study area and sits unconformably above Unit 6, it is interpreted to be the top of Tapered
Composite Halokinetic Sequence #3. Due to modern erosional stripping of younger units off the
diapir there isn’t sufficient outcrop present to determine whether units 12 – 14 are halokinetic
sequences, but the angular unconformity between the Moenkopi Fm. and the top of Unit 14
suggest that those units are within a 4th composite halokinetic sequence.
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Figure 2.32. Cross sections showing variations in the angle of contact between halokinetic sequences within cross
sections D-D’, E-E’, and H-H’. A) shows the angle of contacts between units. B) shows the angles of
contacts within CHS #1. C) shows the angles of contacts within CHS #2. D) shows the angles of
contacts within CHS #3. Locations of sections are in Panel 2
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2.8 SOUTHERN MARGIN PERMIAN CUTLER GROUP STRATIGRAPHY AT THE MEGAFLAP
On the southern side of the diapir the Cutler Group measures 255 m from its concordant
contact with the Honaker Trail Fm. to its angular unconformable contact with the overlaying
Moenkopi Fm. (3°) (Plates 1, 2, 3). Exposure is limited due to Cenozoic basin fill cover. Grisi
(2018) informally divided the Cutler section into Lower Cutler beds, comprising a 55 m section
of cross-stratified and conglomeratic sandstone concordant with the underlying Honaker Trail
Fm., and undifferentiated upper Cutler, a 200 m section of poorly exposed conglomeratic
sandstone with subordinated laminated siltstone facies. Their division occurs at an angular
unconformity where Cutler Group strata change dip from near vertical to ~34° southward. The
full section is dominated by conglomeratic sandstone facies, indicating that coarser-grained
fluvial systems were able to traverse the diapir from its northern side (Figure 2.33). It also shows
that the outer anticlinal hinge and the diapir itself likely did not act as a topographic barrier to
Cutler fluvial depositional systems.
2.9 DISCUSSION
2.9.1 Regional Correlation of the Northern Margin Cutler Group Stratigraphy
The Cutler Group stratigraphy measured in this study is tentatively correlated to the
Organ Rock Fm, Cedar Mesa Sandstone, and the Lower Cutler beds. The correlation is based on
thicknesses and relationships to the overlying Moenkopi Fm. Since Cutler Group strata thin
towards the diapir and thicken northward into the adjacent Fisher minibasin within halokinetic
sequences, stratigraphic correlations based on thickness are highly uncertain. The uppermost 100
m of the measured Cutler Group outcrops in the cliffs below the Moenkopi Fm. contact and
approximately correlates to the Organ Rock Fm where it is exposed near Moab, Utah
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Figure 2.33. Measured sections of the Cutler Group outcropping on the North (right) and South (left) sides of the OCSD. On the
south only 255 m of Cutler Group outcrop between the Honaker Trail Fm. and the Moenkopi Fm. Poor exposure
prevents these outcrops from being incorporated in the mapped stratigraphy for the north side, but previous workers
have interpreted a lower and upper Cutler boundary from bed orientations in the field (Grisi, 2017). On the North
side of the OCSD, excellent exposure allows for the differentiation of outcrop into a stratigraphy. 618 m of Cutler
Group are measured to outcrop between the Cutler/OCSD contact and the overlaying Moenkopi Fm. contact. No
Honaker Trail Fm. outcrops on the North side of the OCSD and is missing from the section.
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(Figure 2.4). This tentative correlation is based on documented Organ Rock Fm thicknesses
from nearby measured sections (Cain & Mountney, 2009), the lack of eolian facies in these
strata, and the erosive angular contact with the overlying Moenkopi Fm. The remaining 91 m of
cliff strata and the 234 m portion of Cutler Group exposed in the bench north of the outer
anticlinal hinge are likely equivalent to the Cedar Mesa Sandstone. This tentative correlation is
done solely based on thickness comparison with nearby studies (Cain & Mountney, 2009). The
lack of eolian strata prevents this section from being classified as Cedar Mesa though it is the
fluvial age equivalent of this Cutler Group unit. The remaining 191 m of the exposed section
may be tentatively correlated to the upper portion of the Lower Cutler interval of the Cutler
Group This tentative correlation is also done based on thickness comparison with nearby studies
(Cain & Mountney, 2009).
2.9.2 Syndepositional Halokinetic Deformation
Deformation within the study area has been described as generally syndepositional
(Trudgill, 2011; Cook, 2017), as well as post-depositional (Hudec, 1995; Boyers, 2000; Doelling,
2002; Venus et al., 2015; Cook, 2017), but has not been interpreted based on detailed mapping
and field measurements. Mapping of the new fourteen Cutler unit stratigraphy on the north side
of the diapir shows a series of fold axis trending parallel to subparallel to the diapir-sediment
contact (Plate 2). Fold axes are offset along their E/W extent by steeply dipping radial faults that
also offset the diapir margin. Folding appears localized within a <600 m zone of deformation
between the exposed diapir contact and the outer anticlinal hinge (Figures 2.5, 2.6). Variations
and extent of deformational styles are further explored in the following chapter.
Sediment thickness and facies variations across many structures confirm that near-diapir
accommodation is intimately linked to syndepositional radial faulting and diapir-parallel folding.

77

Differences in geometry between folds in Canyons B and C across radial fault F2 suggest that
radial faulting and diapir-parallel folding began as early as Unit 3 time (Figure 2.13). At the
outer anticlinal hinge Unit 3 is nearly uniform in thickness (43 m/46 m), however adjacent to the
diapir its thickness differs across the radial fault F2. On the western side of radial fault F2 Unit 3
is deformed in a series of short wavelength folds (folds B1 – B4). Adjacent to the diapir its
thickness is 35 m. On the eastern side of fault F2 Unit 3 is within an anticline (C2) and its diapir
proximal limb is 19 m thick. These thickness variations suggest that as early as Unit 3, radial
faults were beginning to have influence on accommodation and facies type near the diapir.
Other outcrops in the study area suggest that synclines formed as diapir margin parallel
synclinal microbasins and likely rest above shallow salt. They measure <250 m across and <1000
km long and neatly fall within the microbasin classification (less than 2 km2) of Langford et al.
(2021). Figure 2.24A shows a microbasin located in Canyon D where Unit 6 doubles in thickness
into the axis of syncline D3. Figure 2.26 shows a similar thickening in Unit 7 across syncline D5
in Canyons D and E, where strata are shown to dip into and thicken into fold E2. Fold D3 has a
wavelength of 80 m, D5 of 40 m, and E2 of 150 m. Each fold axis trends parallel to the saltsediment interface. Microbasins in the study area appear to differ in timing, scale, and extent.
The oldest microbasin is within fold A3, composed of Unit 3 and outcrops in Canyon A (Figure
2.15). Microbasins containing only Unit 6 outcrop in Canyon D. Larger microbasins outcrop in
Canyons E and F and contain multiple units within them (Figure 2.22, 2.26). The smallest
microbasins are small synclines that developed relatively early in the stratigraphy (Units 3 – 6) in
the Canyons A - D whereas larger microbasins developed as broader synclines in the Canyons D
– F later in the stratigraphy (7 – 10). These observations obey a well understood principal in
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structural geology that as the beam to be folded increases in thickness the wavelength of the
folding also increases (Groshong, 2006).
2.9.3 Implications for fluvial system interactions with the OCSD
The observations documented in this study do not match the facies predictions for the
Cutler Group by Venus et al. (2015) or Cook (2017). Venus (2015) and Cook (2017) inferred
that halokinetic sequences thin towards salt and would transition to finer grained facies as fluvial
channel systems were rerouted around the diapir. When sedimentation outpaced diapirism, facies
would be coarser- grained across the salt sediment interface due to selective preservation of
channels (Venus et al., 2015; Cook, 2017).
This study shows that facies distribution patterns do not match what these models
proposed. Although unit thicknesses thin, facies do not change significantly toward the diapir.
Instead, thicknesses and facies show variation along strike near the diapir, such as across radial
faults, synclinal axes, and locally within microbasins. Sediment thicknesses increase in smallscale structural lows and thin across structural highs, indicating that near -diapir halokinetic
syndepositional deformation interacted with local fluvial systems.
Although diapirism may have been sufficient to concentrate sediment in localized
microbasins on the northern side of the OCSD, the presence of Cutler Group conglomeratic
sandstone fluvial sediments on the south side of the diapir and mean SW paleocurrent direction
suggests that the diapir did not reroute fluvial systems away from the diapir at any time during
deposition (Figure 2.34). Furthermore, fluvial channels are shown to continue across the outer
anticlinal hinge and incise into the diapir margin (Figure 2.29B), suggesting that neither the
diapir nor local syndepositional deformational features served as a sufficient topographic high to
significantly reroute fluvial systems. Instead, sediment was deposited as wedge halokinetic
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Figure 2.34. Schematic model summarizing implications for the interactions between fluvial systems and the OCSD.
Fluvially transported sediments on the northside of the OCSD thin towards the diapir and fill in microbasins
created by deformation within a 600 m zone from the diapir. Mean paleoflow directions follow the regional SW
trend of flow but may experience variation near the diapir as fluvial systems interact with evolving structure.
Sediments still are able to be transported over the diapir but deposit a significantly thinner section on the
southside of the diapir.
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sequences (WHS). Although the WHS thin towards the diapir, fluvial channel systems were able
to cross over the diapir and deposit sediments on the south side of the diapir, albeit at a reduced
thickness. Mean paleocurrent directions support this hypothesis, indicating that deposition was
largely across the diapir (Figure 2.7, 2.34). Thinning towards the diapir reflects halokinetic
thinning across the burial wedge due to differential diapir movement beneath it. The lateral
variation of unit thicknesses across the diapir/sediment interface and onlap of units against the
diapir show that fluvial system sedimentation was also deposited within structurally influenced
microbasins that formed syndepositionally as the diapir passively rose (Figure 2.34).
2.9.4 Uncertainties in the interpretation the data
Despite the resolution of the data collected in this study, there are still uncertainties in the
model related to our understanding of subregional fluvial processes adjacent to the OCSD,
Permian alluvial/fluvial depositional system behavior, and diapir morphology during the
Permian. Subregional Permian depositional systems may be fed by line or point sources and/or
dominated by either alluvial or fluvial processes. Deposition in arid and semi arid channels is
episodic, and diapir-induced topography may have been relatively heterogeneous or relatively
homogenous.
It is generally understood in the literature that the Cutler Group alluvial/fluvial
depositional systems were sourced from the Uncompahgre uplift, which is assumed to have
served as a line source of sediment for Permian depositional systems (Cain & Mountney, 2009;
Venus et al., 2015; Cook, 2017). The OCSD is assumed to lie in the mid to distal alluvial fan
portion of the regional Cutler Group depositional system and is dominated by braided fluvial
deposition (Cain & Mountney, 2009; Venus et al., 2015; Cook, 2017). This assumption allows
workers to use the OCSD as an example of fluvial/diapir interactions. However, there has not
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been a published study that traces Permian sediment pathways directly from the Uncompahgre
uplift to the OCSD and adjacent diapirs. A line source model assumes that each diapir along the
line was impacted by Cutler Group basinward advance at similar times, whereas a point source
model requires that proximal diapirs or a proximal diapir formed earlier than other diapirs. This
adds uncertainty to the application of the OCSD as a model for fluvial system/diapir interactions
since it is unclear whether the geologic relationships observed in the study area record the OCSD
interacting with an expansive subregional fluvial system or if they record the interactions
between an isolated alluvial/fluvial depositional system that does not accurately reflect
subregional interactions between Paradox Basin diapirs and Permian depositional systems.
It is generally interpreted that the OCSD is in the mid to distal portions of the Cutler
Group alluvial fan system and was dominated by braided fluvial depositional processes (Cain &
Mountney, 2009; Venus et al., 2015; Cook, 2017). This interpretation ignores the 3 Cutler Group
megasequences of Mack and Rasmussen (1984), which documented 2 episodes of Cutler Group
basinward advance and retreat and 1 stage of fanhead entrenchment. This adds uncertainty to the
understanding of how sedimentation is related to diapiric rise. A fluvial/alluvial depositional
systems model that considers episodic deposition more simply allows for the formation of wedge
halokinetic sequences. The OCSD had time to rise between major pulses of sedimentation and
then be buried during pulses of fluvial deposition. In contrast, a non-episodic fluvial systems
model that crosses the diapir is challenged by the fact that diapirs exhibit halokinetic sequences.
With a rising diapir causing the rotation of wedge halokinetic sequences it is unclear how a
fluvial system would not be rerouted by that topographic high.
In simplified models of fluvial/diapir interactions it is generally assumed that the
paleotopography caused by a salt diapir is homogenous (Banham & Mountney, 2013; Venus et
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al., 2015; Cook, 2017). In these models sediments are generally rerouted by the diapir forming a
topographic high or were able to bury the diapir, which did not form a topographic high.
However, the fact that units 7-10 pinch out against fold C3 and thicken eastward suggests that
the OCSD-induced topography was heterogenous from west to east, where fold C3 was a paleotopographic high adjacent to the OCSD and the canyons east of C3 were paleo-topographic lows
adjacent to the OCSD. The study area isn’t large enough to fully resolve the implications for the
interpretation of Permian fluvial system interactions with the OCSD. If Units 7-10 reappear in
the stratigraphy westward of the study area, then fold C3 potentially was an isolated topographic
high that didn’t significantly affect fluvial system distribution. If Units 7-10 do not exist
southwest of the study area, then perhaps fluvial systems were directed away from fold C3 to
flow over the Southeastern portion of the OCSD. However, despite the uncertainties, according
to this dataset fluvial systems were not forced to flow parallel to the OCSD, as implied by
previous workers’ models (Venus et al., 2015; Cook, 2017).
2.10 CONCLUSIONS
Correlation of strata in the outcrops along the northern flank of the OCSD was used to
interpret relationships between deformation and deposition at the diapir-sediment interface. 11
sections, including a 619 m composite measured section between the diapir/ sediment interface
and the overlying Moenkopi Fm facies document deformation within the previously
undifferentiated Cutler Group. A ~ 200 – 600 m zone of syndepositional deformation was
mapped and interpreted as a burial wedge deposited above part of the diapir. It is separated from
the adjacent uniformly north dipping minibasin strata by an outer anticlinal hinge indicating later
downwarping of the burial wedge/salt shoulder. The Cutler Group sediments outcropping in the
deformed zone are tentatively correlated to the Lower Cutler/Elephant Canyon Fm. The

83

equivalent to the overlying Cedar Mesa Sandstone forms a ~1000 m wide bench north of the
outer anticlinal hinge, and the uppermost 100m correlate to the Organ Rock Fm. Four facies and
two facies associations were used to divide the 619 m into fourteen stratigraphic units. The
fourteen stratigraphic units stack into eight wedge halokinetic sequences and four tapered
composite halokinetic sequences indicating that the OCSD passively rose throughout the
deposition of the Cutler Group. Across the entire study area, units thin towards the diapir as
wedge halokinetic sequences, recording a history of relative fluvial sedimentation rates
episodically outpacing OCSD relative rise rates.
Within the zone of deformation individual fluvial depositional units are observed to have:
1) recorded initial syndepositional deformation as early as Unit 3; 2) change thicknesses and
facies across syndepositional radial faults; 3) filled synclinal microbasins and 4) onlapped and
incised the diapir margin during deposition. This study concludes that throughout the history of
the outcropping Cutler Group at the OCSD, fluvial systems were traversing the diapir and were
not rerouted by fluctuations in diapir topography and burial between halokinetic sequences.
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Chapter 3: Characterizing Permian-aged deformation of a burial wedge on a salt shoulder,
N. Onion Creek Salt Diapir
3.1 ABSTRACT
The causes of the folds and faults along the north side of the Onion Creek Salt Diapir in
Eastern Utah have been debated for years. The locale offers exceptional 3D exposures of
syndepositional deformation outcropping adjacent to a salt diapir. Using a local stratigraphy
developed for the Permian Cutler Group (Chapter 2), this chapter describes and determines the
timing and relationships between the defined units. Deformation is limited to a <600 m ‘zone of
deformation’ between the diapir-sediment contact and a broad drape fold, termed the ‘outer anticlinal
hinge’, beyond which strata dip northward (~20 °) into the adjacent minibasin. Two fault styles and
five styles of folding are identified and discussed in this chapter. Fault types include radial faults,
intrafold reverse faults, fold limb faults, and outer anticlinal hinge faults. Fold styles include angular
hinge folds, reverse faulted folds, asymmetrical folds, and fold trains. Intrafold Reverse faults
typically have offsets of less than 3 meters and commonly form conjugate pairs offsetting the more
rigid layers in tight folds in the lowest three exposed units. Radial faults are generally perpendicular
to the diapir margin, offset the diapir margin and offset fold axes.
Fold axes trend parallel to the diapir margin and likely developed via gravity spreading over
a shallow salt detachment adjacent to a steep diapir -sediment contact. Both folding and faulting are
found to be intimately linked with deposition and passive diapir rise. Radial faults help localize
coarser grained sediment into radial fault bounded corridors on the salt shoulder while synclines form
microbasins which localize concentrations of sand. Deformation within the study area is best
explained as occurring above a salt shoulder, which is an instep of the diapir margin adjacent to steep
passively rising salt over which halokinetic sequences and burial wedges are deformed.
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3.2 INTRODUCTION
Whereas the previous chapter focused on defining a functional stratigraphy to map the
undifferentiated Cutler Group sediments outcropping with the northern side of the Onion Creek
Salt Diapir (OCSD), this chapter focuses on documenting deformation styles, distributions, and
inferring causal mechanisms behind the deformation. Previous workers have documented folds
and syndepositional deformation in the study area, but none have described the extent, geometry,
and relative timing of deformation (Trudgill, 2011; Doelling, 2002; Boyers, 2000). Through
detailed field mapping integrated with <1m resolution 3D outcrop models. I recognized four fault
styles and five fold styles distributed across eight structural domains within a 300 – 600 m wide
zone of deformation adjacent to the OCSD (Plate 2). Structural restorations of twelve transects
across the study area were constructed to provide constraints on relative timing for deformation
and to relate deformation to coeval deposition.
The OCSD has been of considerable interest because it has been used as a model for
deformation around salt domes (Hudec, 1995; Trudgill, 2011; Grisi, 2018; Iraz, 2018; Martin &
Hudec, 2017). Previous workers have put forth multiple hypotheses to explain the deformation
exposed adjacent to the OCSD. Some interpret that folding was caused by Cretaceous –
Cenozoic tectonic induced shortening, slumping off a rising diapir, or related to Cenozoic diapir
roof collapse caused by dissolution (Hudec, 1995; Doelling, 2002; Cook, 2017). Previous
workers interpreted deformation as occurring above a salt wing, debris-flows from a rising diapir
or as intraformational deformation related to a variety of causal mechanisms (Hudec, 1995;
Doelling, 2002; Hudec, personal comms, 2007; Cook, 2017). Understanding the causal
mechanisms for near diapir deformation is critical in interpreting the evolutionary history of a
diapir. In this chapter I present evidence that the deformation of my fourteen Cutler units is
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predominantly Permian in age, coincident with deposition and related to both halokinetic and
downslope gravity-driven processes. Theses units are best classified as multiple burial wedges
halokinetically deformed above a salt shoulder.
3.3 LOCATION
The OCSD is in the northern Paradox Basin, a 190 km x 265 km asymmetric foreland
basin located in southeastern Utah and southwestern Colorado (Figure 3.1) (Trudgill, 2011;
Doelling, 2002; Boyers, 2000; Hudec, 1995). Salt was deposited in the Pennsylvanian Paradox
Formation (Fm) as a layered evaporite sequence with halite and gypsum interbedded with
sandstones, shales, and carbonates. Salt began to rise in the Permian forming a series of NW-SE
trending elongate salt walls. Diapirism was due to depositional loading by the SW basinward
advance of the Cutler Group derived from the denudation of the Uncompaghre Uplift (Hudec,
1995; Ge, 1996; Kluth & DuChene, 2009; Trudgill, 2011). The OCSD is the northernmost of
nine breached diapirs and is located approximately 19 km northeast of Moab Utah. At the OCSD
the exposed gypsic diapiric caprock forms a body 3.3 km long by 1.4 km wide that is flanked on
the south by cliffs formed of Mesozoic strata, along with a small area of near vertically dipping
Pennsylvanian Honaker Trail Fm. and Cutler Group forming a megaflap (Plate 1) (Dane, 1935;
Doelling, 2002; Grisi, 2017). The north side of the diapir exposes a 619 m thick section of
deformed Cutler Group strata, which are the subject of this chapter (Plate 1) (Chapter 2). The
basal 200 m of the exposed strata are in contact with the OCSD caprock, which is composed of
gypsum, black shales, sandstones and rare limestones and dolomites. The diapir is flanked on the
north by the Fisher minibasin, and on the south by the Pariott minibasin (Plate 1). Minibasins
form adjacent to salt diapirs as underlying salt is withdrawn to feed adjacent diapirs (Jackson &
Hudec, 2017).
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Figure 3.1 Location map of the Paradox Basin and Onion Creek salt wall study area.
Inset map showing location of the study area in Utah and the United States.
ARM = Ancestral Rocky Mountain Modified from Trudgill (2011) and
Barbeau (2003)
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The minibasin scale of deformation is larger (multiple km), and longer lived than the
deformation described in this paper (<1 km). The study area extends 3.4 km along the exposed
salt diapir and is heterogeneously deformed (Plate 2). Access and exposures are provided by a
series of modern canyons (canyons A – E in the previous chapter) that incise through both the
salt and Cutler Group strata, creating a partial three-dimensional exposure that extends .8 km
north from the diapir contact (Plate 2).
3.4 PREVIOUS WORK
The OCSD has long been the site of field trips due to its world class exposure of neardiapir deformation. The broad stratigraphy and structure of the OCSD have been described in
several publications and communications (Hudec, 1995, Doelling, 2002, Trudgill, 2011, Cook,
2017, Iraz, 2019 and Wegmann et al., 2021, Hudec, Pers. Comms) Hudec (1995) interpreted the
OCSD as an exposed salt fall structure analogous with seismically resolved salt collapse features
and analogous features produced in physical models (Figure 3.2A). In his figures, Hudec (1995)
showed Cutler Group sediments in a faulted contact with the diapir (figure 3.2A). In his model,
the surficial exposures of folded Cutler Group within the study would have to be formed over
intra-Cutler Group detachment surfaces (figure 3.2B). In later correspondence, Hudec suggests
that deformation may have occurred over a salt wing (figure 3.2C). Doelling (2002) observed
that the Cutler Group within the study area is folded in closely spaced anticlines and synclines
with folds appearing tighter and more closely spaced near the diapir. He hypothesized that
folding was related to compression by the intrusion of the diapir or dissolution collapse along
fractures within the Cutler Group strata. This may have been influenced by tectonically induced
contraction or extension (Figure 3.2D, 3.2E, 3.2H).
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Figure 3.2 Summary of previously proposed models to explain deformation at the salt-sediment interface. In A. Permian Cutler
Grp. sediments are in contact with the diapir via an extensional fault and as they are offset along the fault, they
experience intraformational deformation (A & B) (Hudec, 1995, Doelling, 2002). In C. Cutler Group sediments are
deposited on a shallow salt wing and deform above it (Hudec, pers. comms). In D. Neogene fracture systems allowed
for water to dissolve buried diapir, causing roof collapse and folding (Doelling, 2002). Fractures and faulting may
have been caused by regional tectonics (E) (Doelling, 2002). In F. sediments are deformed as they slump off of the
topographically elevated diapir (Cook, 2017). In G, buried Cutler Group sediments are folded as the diapir widens in
the subsurface. In H, a regional extensional mechanism causes contraction near the diapir (Ge, 1996).
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Trudgill (2011) explored multiple salt diapirs exposed in the Paradox Basin and
structurally restored cross sections to understand their evolution. Trudgill (2011) described the
deformed Cutler Group sediments surrounding the OCSD as syndepositionally deformed. He
also reported that over 1000m of Cutler Group sediment are exposed within the study area and
that strata exhibit an overall upward fining trend. He reported that near the OCSD, a series of
growth unconformities were exposed and interpreted them as occurring within a single sequence
that is in contact with the diapir. He noted that dips decrease in the upper ~500 m of sediment
from the diapir, changing from overturned orientations adjacent to the diapir to shallowly
dipping (5-20°) farther away. Penetrations in the off-structure Exxon #1 well show low dipmeter
values, leading Trudgill (2011) to the conclusion that the growth unconformities he observed
near the diapir become conformable farther away from the salt contact. Cook (2017) agreed with
Trudgill (2011) that deformation was syndepositional. His primary source of evidence is the lack
of brittle deformation features within the Cutler Group near the diapir. He suggested that the
deformation of sediments adjacent to the diapir was caused by soft sediment deformation related
to slumping off the rising diapir (Figure 3.2F). Cook (2017) also hypothesized that
syndepositional folds were later modified by post-depositional collapse related to salt
dissolution. Iraz (2018) attempted to use handheld camera-based photogrammetry to model
fracture networks within a unique outcrop exposed <100 m away from the westernmost exposure
of the diapir. This outcrop is unique because it is the only location on the northern side of the
OCSD that exhibits fractures. He concluded that the fractures were extensional and were
localized to within <100 m of the westernmost exposure of the OCSD. Beyond 100 m away from
the exposure, fractures are not present and the primary fault style in the Cutler Group strata are
larger scale radial faults. Wegmann et al. (2021) focused on the same area as Iraz (2018) and
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used drone-based photogrammetry coupled with transect mapping to divide the area into 4 zones
of deformation and named the area the “Anomalous Deformation Zone” (ADZ) (Domain 1, Plate
2). In summary, studies of the folded strata adjacent to the Onion Creek Diapir have proposed
four causes for the deformation: tectonism within the Paradox Basin, diapir collapse related to
dissolution, slumping off the diapir or other halokinetic deformation (Figure 3.2).
3.5 STRATIGRAPHY
This chapter uses the local fourteen-unit Cutler Group stratigraphy defined in Chapter 2
to investigate the relative timing of faulting and folding within the study area. Cutler Group unit
examples are shown in figure 3.3. Complete unit descriptions from Chapter 2 are condensed here
in the following sentences: Unit 1 ranges from 18 – 21.9 m thick and is most recognized as a
cliff forming orange colored coarsening upwards unit of cross-stratified sandstone capped by a
pink conglomeratic sandstone. Unit 2 ranges from 6 – 29 m thick and is most recognized as a
recessive siltstone unit between the pink conglomeratic sandstone of Unit 1 and that of Unit 3.
Unit 3 ranges from 18 – 46 m thick and is a laterally extensive pink conglomeratic sandstone
interval. Unit 4 ranges in thickness from 29 – 108 m and is composed of interbedded laminated
siltstone and cross-stratified sandstone with light blue reduction zones. Unit 5 ranges from 9 – 30
m thick and is a heterolithic interval with significant facies variations across structure. It ranges
from laminated siltstone dominated to being composed of laminated siltstone interbedded with
cross-stratified sandstone and conglomeratic sandstone. It’s tops and bottoms are recessive, and
it outcrops in cliffsides. Unit 6 is a laterally extensive interval ranging in thickness from 20 – 60
m. It is dominated by conglomeratic sandstone facies that outcrop as laterally extensive sand
sheets or laterally stacked channels. It thickens into structural lows. Unit 7 ranges in thickness
from 14 m to 42 m thick.
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Figure 3.3. Top and bottom outcrop pictures of the units defined in this study taken at the tops and bottom of the type section
2.9. Unit 1 (bottom) in Canyon 4 outcrops as a fine grained cross bedded sandstone interbedded with silty cover. Unit 1 (top) is
a medium grained pink-colored conglomeratic sandstone containing abundant pebble-sized meta-igneous clasts. Unit 2 is a thin
fine grained cross bedded sandstone (bottom) that fines upward to a laminated siltstone (top). Unit 3 is comprised entirely of a
coarse-grained conglomeratic sandstone that is poorly cemented and rubbly, and some scattered bleaching at the top. Unit 4 is
separated from Unit 3 by a laminated siltstone (bottom) and is capped by a very fine grained cross bedded sandstone (top). Unit
4 contains minor amounts of planar laminated sandstone facies. Unit 5 in the type section is separated from Unit 4 by cover and
laminated siltstone (bottom). At its top it has very-fine to fine – grained cross bedded sandstone packages (top). Unit 5 may also
contain minor amounts of planar laminated sandstone facies. Unit 6 is predominately a pinkish poorly cemented rubbly
conglomeratic sandstone with granule to cobble sized meta-igneous clasts (top) and does contain subordinate amounts of very
fine – fine grained cross bedded sandstone (bottom). It is a laterally extensive unit and is used for study-area wide correlations.
Unit 7 is a predominantly composed of medium grained cross bedded sandstone (bottom) with subordinate amounts of
conglomeratic sandstone. At the top, medium grained cross bedded sandstone may appear pink (top). Unit 8 is composed of a
fining upwards package of cross bedded sandstone (bottom and top). Unit 9 is predominantly a fine grained cross bedded
sandstone (bottom and top). It contains minor amounts of conglomeratic sandstone. Unit 10 is comprised of fine grained cross
bedded sandstone which may interbed with laminated siltstone at the <1 m scale. Its top and bottom are cross bedded sandstone.
Units 11 – 13 are defined on the cyclical occurrence of laterally extensive, rubbly outcrops of conglomeratic sands capped by
laminated siltstone. Unit divisions are created at the nearest laminated siltstone after a laterally extensive conglomeratic
sandstone outcrop. Unit 14 was separated from units 11-13 on the same basis but could not be further separated due to cover
between the last cross bedded sandstone outcrop and the Tenderfoot member of the Triassic Moenkopi Formation. The top of
the Permian Cutler Section is interpreted to be at the base of the Tenderfoot Member of the Triassic Moenkopi Fm. and is
marked on both sides of the diapir by a thick massive conglomeratic sandstone layer containing up to .3 m long metaigneous
clasts and is followed by the Ali Baba member, containing interbedded sandstones and siltstones containing symmetric ripples.
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Proximal to the OCSD it is a recessive siltstone bed that is capped by a laterally extensive
conglomeratic sandstone sheet. Distal to the OCSD, within synclines, it becomes more
heterolithic with increasing amounts of cross-stratified sandstone, laminated siltstones, and
laterally and vertically stacked pink conglomeratic sandstones. Unit 8 ranges in thickness from 0
to 16 m thick. It is a fining upwards package of orange cross-stratified sandstone to brown
recessive laminated siltstone. It pinches out atop of a structural high near the middle of the study
area. Unit 9 ranges from 0 – 28 m thick across the study area and is dominated by brown
laminated siltstone interbedded with subordinate cross-stratified sandstone. It also pinches out
atop of the same structural high as Unit 8. Unit 10 ranges from 0 – 63 m thick. It is
predominantly comprised of cross-stratified sandstone and is the last of the units to pinch out
atop of the same structural high as Units 8 and 9. Units 11-13 are comprised of repetitive cycles
of brown coarse conglomeratic sands fining to brown laminated siltstone facies. Unit 11 ranges
from 38 – 91 m thick and Unit 12 ranges from 40 – 83 m thick. Unit 13 measures 50 m thick in
the composite section shown in the previous chapter but was not measured across the entire
study area. Unit 14 is composed of multiple poorly exposed cycles of pink conglomeratic
sandstones fining to brown laminated siltstones. The cycles continue from the top of Unit 13 to
the overlaying unconformable contact with the Triassic Moenkopi Fm.
Additional intervals of interest include the Moenkopi Fm., Triassic Chinle Fm., TriassicJurassic Wingate Fm., and Jurassic Kayenta Fm. which outcrop in the upper portions of the
surrounding cliffsides in the study area (Plates 1 and 2). Cenozoic sediments also partially cover
Cutler Group strata at the eastern limit of the study area (Plate 2). The Honaker Trail Fm., which
is stratigraphically between the Paradox Fm and Cutler Group is not exposed on the northern
side of the OCSD (Plate 2).
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3.6 METHODS
Digital tablet-based field mapping was conducted using ~2m resolution bluetooth GPS
data connected to QGIS on a Windows or ChromeOS/Linux Tablet. Where physically
inaccessible, key correlative units/surfaces were mapped using sixteen <1 m scale 3D virtual
outcrop models that were built using the Agisoft Metashape software suite and drone-based
imagery collected over a series of flight missions using the DroneDeploy and DJI Go 4 drone
software. Six of the virtual outcrop models were merged to form a ~5 m resolution model that
spans the entire study area. 3D models are hosted online at dfbrav.github.io/thesis_models.html.
An extensive collection of photographs was collected for this area.
Topography, orientation data, fault, and unit contacts were plotted on eleven 2D profiles
using the QProf plugin in QGIS (Alberto & Zanieri, 2017; QGIS, 2021). A regional 30 m Digital
Elevation Model (DEM) from the USGS was merged with the <1 m scale DEMs created from
the virtual outcrop models. They were merged in QGIS and the resulting DEM was used to plot
topographic profiles. Excess Area Detachment modelling following the methods of Epard &
Groshong, 1993 and Epard & Groshong, 1995 were used to constrain subsurface fold detachment
depths. As shown in Chapter 2, there are variations of sedimentary unit thicknesses across
structure. For each cross section these exposed thickness changes were constrained using
measured sections and 3-D photogrammetric measurements corrected for dip and slope. For units
not exposed in the transect of a particular section, sediment thicknesses were taken from the
nearest measured section from Chapter 2. Strata thin towards the diapir as wedge halokinetic
sequences within four tapered composite halokinetic sequences (CHS) and that is represented in
the cross sections (Chapter 2). Throughout most of the study area folds are inconsistently
exposed, making the measurement of wavelength from crest to crest or trough to trough
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challenging. To maintain consistency in measurements across the differently exposed folds
outcropping in the study area fold wavelength was measured between inflection points.
2D cross sections were structurally restored using best practices outlined in Rowan and
Ratliff (2012). The flexural slip algorithm in the Structural Solver (Structure Solver LLC)
program was used to preserve bed lengths and bed thickness in sections that crossed fold axes.
The diapir parallel cross section was restored using the vertical shear algorithm to preserve
vertical thicknesses in sections that cross radial faults. Rowan and Ratliff (2012) note that the
restoration of salt-related deformation is nuanced since salt movement is typically three
dimensional and that salt can be removed by dissolution. These invalidate two fundamental
assumptions of cross section restoration: conservation of cross-sectional area and plane-strain
deformation. To avoid for the unique challenges of restorations involving salt, this study restores
the geometries of strata adjacent to the diapir without attempting to restore the salt itself. In these
cases the geometries of salt underlying and in contact with restored strata are inferred. Following
best software-use practices outlined by Structure Solver LLC
(https://www.structuresolver.com/video-gallery/using-structuresolver-restoration), deformed
strata adjacent to salt are isolated into structural components and then restored (Figure 3.4B and
C). Flexural slip and vertical simple shear algorithms were tested, and the flexural slip algorithm
is preferred since it maintains bed length and does not distort stratigraphic unit thicknesses
during restoration (Groshong, 2006) (Figure 3.4C). In this study each diapir perpendicular
section is pinned at their northernmost edge. The diapir parallel section is pinned at its
easternmost extent.
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Figure 3.4 Diagram illustrating the workflow applied to restorations and the assumptions
involved in different restoration algorithms. Vertical simple shear and flexural
slip restorations are shown schematically and are from different, but similar
cross sections. Vertical simple shear and flexural slip schematics from
Groshong (2006)
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3.7 STRUCTURAL FRAMEWORK
Deformation within the study area is syndepositional and constrained to a 300 m – 600 m
wide zone of deformation adjacent to the OCSD which is accessible through modern canyons AE (Plate 2) (Doelling, 2002; Trudgill, 2011; Cook, 2017; Chapter 2). North of the zone of
deformation strata dip northward into the Fisher minibasin. The zone of deformation transitions
to the zone of northward dipping strata over a broad anticlinal hinge called the “Outer Anticlinal
Hinge” (OAH) (Figure 3.5, Plate 2).
The overall structure of the OCSD deformation zone can be described as a large anticline
whose axis is the OAH (Figure 3.5, Plate 2). To the north of the OAH, the uppermost strata
(Units 10 – 14) dip into the Fisher minibasin. Dips gradually fan out into the minibasin, forming
growth strata that result from minibasin subsidence during deposition. To the south of the outer
anticlinal hinge, the upper strata (Units 10 & 11) dip into the diapir and overlie and include
smaller anticlines and synclines (Figure 3.5). These folds become progressively smaller and
tighter lower in the section (Units 1 – 9) and toward the diapir contact. They are polyharmonic
because they increase in wavelength up section, with increases in stratigraphic thickness. Strata
closer to the diapir are offset on radial faults that die out as they approach the OAH and segment
the study area into eight ~120 – 900 m wide structural domains (Plate 2). For precision, the
locations of deformation will be referred to in terms of the structural domain throughout the rest
of the chapter. Structures have been named and are shown on Plate 2.
3.7.1 The Diapir Contact
The diapir contact is variable across the study area. Cutler Group strata are found to onlap
the diapir (Domains 2 & 8), dip into the diapir (Domains 3 – 6) or are tightly folded against the
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Figure 3.5 Generalized structural framework for the study area. Within ~600 m of the diapir contact strata are
polyharmonically folded and in contact with the diapir. Beyond ~600 m the beds dip into the adjacent
minibasin. The transition from deformed strata to uniform dips is named the ‘Outer Anticlinal Hinge’.
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diapir (Domains 1, 3, and 7) (Figure 3.6). Throughout the study area the diapir contact is steep
and ranges from 50 to 89 degrees. The diapir margin is stepped stratigraphically, with younger
strata progressively onlapping the diapir (Figure 3.6A). This causes the diapir contact to step
inward up section (Figure 3.7). The nature of the contact and tight folding next to it suggest that
there is displacement and a possible faulted contact. Although the contact is an apparent fault,
there is little visible damage near the margin, except in the westernmost exposure of the OCSD
caprock at the ADZ (Domain 1), where a <100 m area adjacent to the diapir is highly faulted and
fractured (Plate 2) (Wegmann et al., 2021). Strata can be observed to onlap, truncate against and
stratigraphically overlie the diapir contact in each domain (Show on Plate 2). These strata dip up
to 80 ° away or 70° towards the diapir the diapir (Figure 3.6 Plate 2).
3.7.2. Fault Styles
Four styles of faulting are recognized in the study area: 1) Radial normal faults, 2)
intrafold reverse faults, 3) outer anticlinal hinge (OAH) faults and 4) fold limb faults (Figure
3.8). Radial faults and intrafold reverse faults were important for understanding the deformation
history of the area. The largest faults are radial faults that extend outward from the diapir up to
600 m to the north (F1 – F7) (Figure 3.8A, Plate 2). They are generally perpendicular to the
diapir margin have near-vertical dips and displace the diapir margin as well as Cutler Group
strata. They offset fold axes in Units 1 - 10(Plate 2, Figure 3.9.). Displacements are largest closer
to the diapir margin (up to 40 m) and die out before the OAH. Erosion limits exposures of higher
units, but the radial faults do not appear to offset units younger than Unit 11. The smallest faults
are intrafold reverse faults (Figure 3. 8b). These are subparallel to the axes of the folds, and
typically dip form conjugate sets that dip 60 to 80 degrees into the cores of folds. They are only
found within the lowest three units and typically have offsets less than 3 meters.
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Figure 3.6 Outcrop photos showing geometric variations at the salt-sediment contact. In A. a
syncline limb rests on the diapir and dips 55* away from salt. In B. an anticline limb dips steeply
into the diapir. In C. the proximal to diapir limb of an anticline terminates on the diapir and is
tightly folded against it.
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Figure 3.7 Annotated outcrop photo showing differences in the salt-sediment contact with stratigraphic age. Older
stratigraphic units (e.g. Unit 3 and 4) are folded and their diapir-proximal-limbs terminate at the diapir, whereas
younger units (unit 6) onlap the diapir and are tightly folded at the salt sediment contact. This suggests that
younger units deposit progressively higher on the diapir than older units and are subsequently deformed.
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Figure 3.8 A visual summary of the four fault styles exposed in the field area. The most prominent
faults are long, steeply dipping, radial faults extending from the diapir (A). The rest of
the faults exhibit small scale <1 m offset and may be found in the cores of folds (B), at
the outer anticlinal hinge (C) and within the limbs of anticlines (D).
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Figure 3.9 An example of radial faults offsetting a fold axis.
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They disappear into folded and faulted shales in the cores of the folds and offset more resistant
layers, popping the crests of anticlines up, and synclines down. Outer anticlinal hinge faults are
small offset faults (<1m) that are found within the OAH (figure 3.8C). Fold limb faults are small
scale normal faults that are found on the limbs of anticlines throughout the study area, also with
<1 m offset (Figure 3.8D).
3.7.3. Fold Styles
Five styles of folding are recognized in the study area: 1) angular hinge folds, 2) reverse
faulted folds, 3) asymmetrical synclines, 4) syncline-anticline pair fold trains and 5) the outer
anticlinal hinge fold (Figure 3.10). Folds are generally upright, cylindrical and their wavelengths
range from 20 m to 150 m. Their interlimb angles are tighter lower in the section and towards the
diapir contact and are more open higher in the section and farther away.
Angular hinge folds are found near the diapir in stratigraphic Units 1 - 6 (folds C2, D1,
D2, D4 on Plate 2) (Figure 3.10A). These folds are prominent features in the bottoms of canyons
C, D and E, but are limited in exposure as they are covered by younger units in the intervening
ridges. The typical form is an anticline with interlimb angles up to 70°. A more open
asymmetrical syncline typically flanks the north side of angular hinge anticlines, away from the
diapir.
Reverse faulted folds are found in Domains 3 and 7 where small wavelength (<40 m)
reverse-faulted synclines are exposed at the diapir contact and consist of Units 4 and 6 (Figure
3.10B, Plate 2). They form at the contact between the diapir and the southern limbs of angular
hinge folds (C2, D4). These synclines are reverse faulted near the fold hinge and their interlimb
angles do not exceed 30°. Reverse faulted folds also outcrop within the cores of anticlines (C2,
D2), are small wavelength (<40m) and their interlimb angles do not exceed 30°.
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Figure 3.10 A visual summary of fold styles exposed in the study area. At the diapir contact angular hinge style folds may be
observed (A). Smaller scale reverse faulted folds are found within the cores of anticlines and within diapirproximal limbs of angular hinge anticlines (B.). Further away from salt, asymmetrical synclines may be observed
(C). Near the western edge of the diapir, small wavelength folds prominently outcrop within a fold train (D).
Throughout the study area, the edge of the ~600 m deformation zone is marked by a broad anticline termed the
Outer Anticlinal Hinge fold (E).
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Deformation and thickening within the cores of anticlines due to the reverse-faulting of
smaller folds is evidence for flexural slip during folding.
Asymmetrical synclines form farther away from the diapir, consist of Units 5 – 10, and
have limbs of differing dips and lengths (folds D3, D5, E2) (Figure 3.10C, Plate 2). They are
flanked to the south by angular hinge anticlines (D3, D5) or the diapir contact (E2). To the north
they are flanked by the OAH. Their interlimb angles range between 70° – 120°. Cutler Group
Units (6-10) thicken into syncline axes, showing growth.
Syncline-anticline pair fold trains are exposed in structural Domains 1 and 2, where two
syncline – anticline pairs are exposed between the diapir contact and the OAH. The folds are
closely spaced and their axes trend parallel to each other and the diapir contact (folds A1-A3,
B1-B4 on Plate 2) (Figure 3.10D). They consist of Units 1 – 3 and have up to 30° interlimb
angles. This in-line fold geometry is unique to structural Domains 1 and 2. In this dissertation
this style of folding is abbreviated as SASA (Syncline-anticline-syncline-anticline) which
references the syncline, anticline, syncline anticline pairs present in structural Domains 1 and 2.
The Outer Anticlinal Hinge is a laterally extensive feature and will be further discussed in
the following section.
3.7.4. Outer Anticlinal Hinge
The OAH marks the outboard extent of the 300 - 600 m zone of deformation adjacent to
the exposed caprock. North of the OAH strata dip away from salt at an average of 20° and fan
into the minibasin to the north. The OAH is nearest to the exposed diapir contact in Domains 3
(246 m) and 4 (303 m) and is farthest from the exposed diapir contact near the easternmost limit
of the study area in Domain 8 (605 m) (Plate 2). Its northern limb dips into the Fisher minibasin
while its southern limb dips towards the diapir, suggesting that the OAH formed due movement
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of the underlying salt. Free air 2D gravity modelling by Astromovich (2020) suggests that the
OAH coincides with the buried edge of shallow salt.
3.7.5 Deformation Within Structural Domains
Radial faults separate deformation across the study area into 8 radial-fault bounded, ~120
– 900 m wide structural domains with distinct fold geometries (Plate 2). Structural Domain 1 is
in the westernmost portion of the study area (Figure 3.11, Plate 2). Units 4 - 6 are exposed in the
western edge of this area and form a gentle west plunging anticline. The southernmost edge of
the structural domain is at a northward dipping block of Triassic Moenkopi Fm. strata possibly
associated with Neogene roof collapse (Boyers, 2000). Between the southern limit of Domain 1
and the outer anticlinal hinge are SASA fold trains E-W trending folds with the southernmost
fold being a close ~60m wavelength syncline (A1), followed by an open ~100 m wavelength
asymmetrical anticline (A2) which in turn is followed by a gentle ~80 m asymmetrical syncline
(A3) between the asymmetrical anticline and the OAH (Figure 3.12, Plate 2). The observed
deformation is exposed in Units 2 – 6. Units 7-10 are not present in this domain as they onlap
and pinch out in Domain 3.
Domain 2 is separated from Domain 1 by a ~400 m long radial fault (F1). Between the
OAH and the diapir sediment interface are a series of in E-W trending SASA fold trains (Figure
3.13, Plate 2). The most diapir-proximal fold is a ~75 m wavelength syncline (B1) whose
southernmost limb is in discordant contact with the diapir. The discordant contact and absence of
the Pennsylvanian Honaker Trail Fm. suggests that the basal strata are deposited unconformable
on exposed diapir caprock. The basal contact between the diapir-proximal limb and salt is at 50
degrees. It is followed by a ~79 m wavelength anticline (B2), a ~70 m wavelength syncline (B3),
and a ~ 75 m wavelength anticline (B4).
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Figure 3.11 Transect along Domain 1 A-A’. Box shows the location of the outcrop
model above. See Panel 2 for location and the text for details.
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Figure 3.12 Transect along Domain 1 B-B’. Box shows the location of
the outcrop model above. See Panel 2 for location and the
text for details.
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Figure 3.13 Transect along Domain 2 C-C’. Box shows the location of the outcrop model
above. See Panel 2 for location and the text for details.
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These folds are exposed between the diapir contact and the OAH (Figure 3.13, Plate 2).
The observed deformation is exposed in Units 3 – 6. Units 7-10 are not present in this domain as
they onlap and pinch out in Domain 3.
Domain 3 is to the east of Domain 2 and is separated by a ~330 m long radial fault (F2).
In the center of Domain 3 an E-W trending anticline (C2) with a wavelength of ~100 m is
exposed (Figures 3.14, 3.15, Plate 2). Smaller scale, reverse faulted folds primarily composed of
siltstone beds are observed within the near-diapir limb of the larger fold C2, with small reverse
faults present in the smaller fold cores (Figure 3.16). The near-diapir limb of fold C2 varies in
how it intersects the diapir; in the west it dips steeply into the diapir (69°) and in the east its’
southern limb is flanked by a small wavelength syncline which is tightly folded adjacent to the
diapir contact (C1) (Figure 3.6B and 3.6C). Fold C3 is unique in that it trends perpendicular to
the diapir margin (Plate 2). The eastern limit of Domain 3 is a ~365 m long radial fault (F3). The
observed deformation is exposed in Units 2 – 10.
Domain 4 is primarily composed of an open anticline (D1) with a wavelength of ~200m
that is the OAH (Figure 3.17). Its proximal limb steeply dips into the diapir (48°). A gentle
asymmetric syncline is exposed roughly halfway between the diapir contact and the OAH. The
observed deformation is exposed in Units 6 – 11. It is separated from Domain 5 by a ~431 m
radial fault (F4). Fault F4.5 is a 250 m long offshoot of fault F4.
Within Domain 5 there is a close -style anticline (D2) and an open asymmetrical syncline
(D3) between the diapir contact and the OAH (Figure 3.18, Plate 2). Fold wavelengths increase
from ~40 m (D2) to ~80 m (D3) towards the OAH. Anticline D2’s southernmost limb dips
steeply towards the OCSD (76°) and is folded into small wavelength (<5 m) tight folds
associated with reverse faults (Figure 3.19).
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Figure 3.14 Transect along Domain 3 D-D’. Box shows the location of the outcrop
model above. See Panel 2 for location and the text for details.
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Figure 3.15 Transect along Domain 3 E-E’. See Panel 2 for location and the text for
details.
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Figure 3.16 Outcrop example showing the location of smaller scale disharmonic reverse faulted
folds within broader anticlines.
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Figure 3.17 Transect along Domain 4 F-F’. See Panel 2 for location and the text for details.
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Figure 3.18 Transect along Domain 5 G-G’. Box shows the location of the
outcrop model above. See Panel 2 for location and the text for
details.
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Figure 3.19 Outcrop picture showing the nature and location of folds within the proximal to salt limb of a
near-diapir anticline.
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Unit 6 nearly doubles in thickness from 25 m at the OAH to 46 m in the axis of syncline
D3 (Chapter 2). The observed deformation is exposed in Units 1 – 6. Domain 6 is separated from
Domain 5 by a ~385 m long radial fault (F5) and exhibits similar structural styles to Domain 5.
Within Domain 6 there is a tight -style anticline (D4) and an open asymmetrical syncline
(D5) (Figure 3.20, Plate 2). Fold wavelengths increase from ~25 m (D4) to ~40 m (D5) away
from the OCSD. The proximal limb of anticline D4 dips steeply into the diapir (52°) but does not
show any folding at the diapir contact. Units 6 – 9 fill in syncline D5 and Units 10 buries it. The
observed deformation is exposed in Units 2 – 6. Domain 7 is separated from Domain 6 by a ~435
m long radial fault (F6).
Within Domain 7 there is a tight reverse-faulted syncline at the OCSD contact (E1), the
continuation of fold D4, and an open asymmetrical syncline (E2) (Figure 21). Fold wavelengths
increase towards the OAH from ~40 m (E1) to ~120 m (E2). The southern limb of reverse
faulted fold E2 is discordant the underlaying diapir and dips steeply away (78°). The observed
deformation is exposed in Units 1 – 10. Domain 7 is separated from Domain 8 by a ~330m long
radial fault (F7).
Domain 8 is the easternmost structural domain and is entirely defined by an open -styled
syncline (E2) with ~150 wavelength (Figure 22). Its southernmost limb is composed of Unit 6,
which disconformably onlaps caprock. In chapter 2 it is shown that Unit 6 fluvial channels erode
into the OCSD caprock at this contact, confirming that during deposition fluvial systems
continuously crossed over the diapir and eroded into the diapir and its overburden (Chapter 2).
The observed deformation is exposed in Units 6 – 11. At the eastern limit of Domain 8 it is
covered by Cenozoic sediments.
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Figure 3.20 Transect along Domain 6 H-H’. Panel 2 for location and the text for
details
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Figure 3.21 Transect along Domain 7 I-I’. See Panel 2 for location and the text
for details.
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Figure 3.22 Transect along Domain 8 J-J’. Box shows the location of the outcrop
model above. See Panel 2 for location and the text for details.
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3.8 EVOLUTION OF DEFORMATION ADJACENT TO THE OCSD
Ten cross-sections perpendicular to the OCSD were restored to explore the geometric
evolution and timing of the folding. An eleventh, diapir parallel cross section through Domains 4
- 7 was created and restored to explore the timing and style of displacement across radial faults
(Figure 3.23). Results are tabulated in Table 3.1. Each restoration is limited to some degree by its
outcrop exposure of units.
The structural domains are grouped by similar deformation styles and location relative to
the diapir (Plate 2). Domains 1 and 2 are both are near the western edge of the exposed diapir,
are composed of an SASA fold train and are grouped as the ‘Western Domains’. Domains 3 – 5
contain anticlines that dip steeply into the OCSD and are grouped as the ‘Western Interior
Domains’. Domains 6 and 7 both contain anticline-syncline pairs and are grouped as the ‘Eastern
Interior Domains’. Domain 8 is the only structural domain to be composed of a single syncline,
is the last exposed domain on the eastern edge of the outcrop belt and therefore is referred to as
the ‘Eastern Domain.’ Below a single restoration is shown and discussed for each domain group.
The rest of the restorations may be found in Appendix B.
3.8.1 Western Domains Restoration: Domain 1 B-B’
Transect B-B’ crosses the westernmost edge of the exposed diapir and shows a SASA
fold train (A1 – A3) that are interpreted to rest on the diapir (Figure 3.24A). The southernmost
fold (left side of section) is interpreted to be in a faulted contact partially covered by blocks of
Moenkopi Fm. associated with Neogene roof collapse (Boyers, 2000). Within the ADZ fractures
and faults trend E-W, parallel to Neogene roof collapse faults exposed on the southwestern side
of the OCSD. Since the fractures are only exposed in the ADZ adjacent to a Moenkopi Fm.
block, they are interpreted to be associated with Neogene roof collapse and not representative of
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Figure 3.23 Transect along K-K’. See Panel 2 for location and the text for details.
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Figure 3.24 Western Domains structural restoration along B-B’. See Panel 2 for location and the text for details.
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Permian-aged deformation. The fractures and faults of the ADZ do not significantly offset
stratigraphic units and are beneath the scale of this restoration.
This section is only restored through Units 2-4 since they show folds A1-A4 and have the
most outcrop data to support their geometric interpretation. Field measurements show that each
unit thins towards the diapir (Chapter 2). Each unit is restored to a horizontal orientation using
the flexural slip algorithm and is pinned at the northernmost portion of the section.
Restoring to the top of Unit 4 shows a burial wedge thinning towards a steep diapir
contact (17°) (Figure 3.24B). Syncline A1 within the ADZ has been completely restored whereas
anticline A2 and syncline A3 are open folds with 120 m and 250 m wavelengths, respectively.
The OAH is present, north of which strata dip away from the diapir.
Restoring to the top of Unit 3 shows a burial wedge thinning towards a less-steep diapir
contact (11°) (Figure 3.24C). During this restoration step anticline A2 has a wavelength of 130 m
and syncline A3 has a wavelength of 250 m. The OAH is not present yet.
Restoring to the top of Unit 2 shows a burial wedge thinning towards a less-steep diapir
sediment contact (7°) (Figure 3.24C). Folds A2 and A3 have been restored. The OAH is not
present.
The restoration suggests that folding began by the end of Unit 3 time, the section was
shortened up to 14% and folding occurred adjacent to a steadily steepening diapir contact. It also
suggests that the OAH formed soon, but not immediately after folding began. The time-steps
restored in this section did not show the evolution of folds A1, A2 and A3 to their present-day
geometries, suggesting that deformation mostly occurred after deposition of Unit 4.
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3.8.2 Western Interior Domains Restoration: Domain 3 E-E’ Restoration
Transect E-E’ crosses through folds C1 and C2. C1 is a tight syncline directly at the
contact with the OCSD and C2 is an open anticline (Figure 3.25A). Units 7-10 pinch out at the
axis of C2. The pinch out is interpreted to mark the outer anticlinal hinge and the edge of buried
salt.
This section is restored through Units 3-11 since they show folds C1 and C2, include the
pinched-out units and have the most outcrop data to support their geometric interpretation. Field
measurements show that each unit thins towards the diapir (Chapter 2). Each unit is restored to a
horizontal orientation using the flexural slip algorithm and is pinned at the northernmost portion
of the section.
Restoring to the top of Unit 11 shows Unit 11 as a burial wedge thinning towards a steep
diapir contact (45°) (Figure 3.25B). Inboard of the OAH, Unit 11 unconformably overlies Unit 6.
Both folds C1 and C2 are restored in this step.
Restoring to the tops of Units 10-7 shows each unit as a burial wedge that thins to near 0
m thick at the OAH and pinch out atop fold C3 (Figure 3.25C-F). The OAH’s northern limb dips
away from salt and reduces inclination over time from 11° (Unit 10) to 5° (Unit 7). Throughout
these time steps the diapir contact is at a 45° angle.
Restoring to the top of Unit 6 shows Unit 6 as a burial wedge that thins to a 39° diapir
contact (Figure 3.25G). Underlying strata dip away from the diapir at increasingly steeper angles
with Unit 5 dipping ~1° and Unit 3 dipping 7° away. The angular contact between Unit 6 and
Unit 5 is subtle (1-2°) and obscures the OAH.
Restoring to the top of Unit 5 shows Unit 5 as a burial wedge that thins towards a 39°
diapir contact (Figure 3.25H).
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Figure 3.25 Western Interior Domains structural restoration along E-E’. See Panel 2 for location and the text for details.
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Underlying strata dip away from the diapir at increasingly steeper angles with Unit 4
dipping ~4° and Unit 3 dipping 6° away. The angular contact between Unit 5 and Unit 4 is subtle
(1-2°) and obscures the OAH.
Restoring to the top of Unit 4 shows Unit 4 as a burial wedge thinning towards a 38°
diapir contact (Figure 3.25I). Underlying strata dip away from the diapir at 1-2° and do not show
any steepening trends. An OAH is not present in this restoration step.
Restoring to the top of Unit 3 shows units as a burial wedge thinning towards a 35° diapir
contact (Figure 3.25J). Underlying strata are sub horizontal and do not show any steepening
trends. An OAH is not present in this restoration step.
The restoration shows an early deformation of small folds forming after deposition of
Unit 3, that were buried by the end of deposition of Unit 4. Folding on C3, perpendicular to the
diapir margin created pinchouts of Units 7-10 and thinning in the western part of the study area
relative to the eastern part
This restoration suggests the folding of syncline C1 and anticline C2 happened after Unit
11 time, is not recorded in the present-day outcrop and caused the section to shorten up to 15%
Increasing dips in the northern limb of the OAH during the deposition of Units 7-10 and the
increasing steepness of the diapir contact from 35° to 45° between Unit 3 and Unit 11 suggest
that the OAH is a drape fold influenced by diapir rise and adjacent minibasin subsidence.
Although angular contacts between Units 5 and 6 obscure the OAH, it likely formed during the
deposition of Unit 4 or Unit 5 since angular contacts between underlying units are first observed
in those restoration steps.
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3.8.3 Eastern Interior Domains Restoration: Domain 6 G-G’ Restoration
Moving eastward, transect G-G’ crosses through a -style anticline (D2) and an
asymmetrical syncline (D3) that outcrop between the diapir contact and the OAH (Figure
3.26A). Syncline D3 shows syndepositional growth with Unit 6 thickening into its axis. Units 2 –
6 are well exposed between the diapir contact and the OAH and Units 7 – 11 are projected
towards the diapir from their exposure at the OAH. The southern limb of anticline D2 dips into
the diapir and <1 m wavelength folds are observed at the contact with the diapir. They are too
small to restore.
This section is restored through Units 2-9 since they show folds D1 and D3. Units 2 – 6
are well constrained along the transect. The geometries of Units 7 – 9 are constrained from
nearby cross section H-H’. Field measurements show that each unit thins towards the diapir and
that Units 4 – 9 thicken into structural lows and thin onto structural highs (Chapter 2). Each unit
is restored to a horizontal orientation using the flexural slip algorithm and is pinned at the
northernmost portion of the section.
Units 8 and 9 restore to similar geometries (Figure 3.26B & C). Both are shown as
wedges that thin towards a ~42° dipping diapir contact. Neither unit is folded within anticline D1
or syncline D3. These wedges obscure the OAH.
Restoring both Units 7 and 6 show similar trends (Figure 3.26D & E). Each restored unit
thickens from the OAH into the axis of syncline D3. Unit 7 thickens from ~18 m to ~25 m and
Unit 6 thickens from ~25 m to ~46m. Both units thin towards the diapir and have a diapir contact
of ~38°. The OAH is subtle both restoration steps and dips in buried units increase from dipping
1° to dipping 5° away from the OCSD.
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Figure 3.26 Eastern Interior Domains structural restoration along G-G’. See Panel 2 for location and the text for details.
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Restoring to Unit 5 shows it thickening slightly from ~25 m at the OAH to ~30 m in the
axis of syncline D3 (Figure 3.26F). Unit 5 thins to ~20 m nearer to the diapir. Syncline D3 has a
~160 m wavelength. Anticline D1’s geometry becomes more subtle during this restoration step.
Units 1-3 show smaller antiforms (<30 m wide) within anticline D1. The diapir contact is ~40°.
The OAH is subtle, with Unit 4 dipping 1° and units 1-2 dipping 2° away from the OCSD.
Restoring to Unit 4 shows it thickening slightly from ~ 20 m at the OAH to ~30 m in the
center of syncline D3(Figure 3.26G). Syncline D3 has a ~210 m wavelength. Anticline D1 is
present in this restoration step but is obscured by the wedge geometry of Unit 4. Below the
wedge of Unit 4, Unit 3 shows two <20 m wide antiforms and Units 1-2 show a 50 m wide
anticline. The diapir contact is ~40°. The OAH is obscured by Units 3 and 4.
Restoring to Unit 3 shows similar features as restoring to Unit 4 (Figure 3.26H). Unit 3
thickens towards syncline D3 (~22 m) from the OAH (~15 m). Syncline D3 has a ~260 m
wavelength. Anticline D1 is present in Units 1-2 but is obscured by Unit 3. The diapir contact is
~37°. The OAH is subtle, with Units 1-2 dipping 2° away from the OCSD.
Restoring to Unit 2 shows undeformed wedges of sediment thinning towards the diapir
(Figure 3.26I). Unit 2 has no discernible OAH. The diapir contact is ~16°.
This restoration highlights the evolution of syndepositional folding between the diapir
contact and the OAH. Anticline D1 initially occurs as a fold that is obscured by overlaying strata
(Units 3 & 4), but by Unit 5 time it is part of a topographic high that causes Unit 5 to thin near
the diapir. D1’s fold wavelength increasing over time as overall sediment thicknesses increase.
As early as Unit 3, syncline D3 forms a microbasin that is up to 250 m wide (Unit 3). However,
by Unit 8 deposition, syncline D3 is buried and no longer causing thickness changes. The angle
of the diapir contact steepens from ~16° at Unit 2 time to 37° - 40 ° during Unit 3 – Unit 9 time.
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The steepening between Unit 2 and Unit 3 time coincides with the initiation of folding. These
observations suggest that syndepositional folding began as units onlapped a steepening diapir
and that folds formed gradually as each new unit progressively onlapped the diapir. The section
was shortened up to 5% during folding. Structural highs (anticline D1) and structural lows
(syncline D2) causing units to thin onto anticlines and thicken into syncline microbasins that
were up to 250 m wide. Eventually, both structures were buried by Units 8 – 9. The OAH formed
as early as Unit 4 time, but rotation of the northernmost limb of the OAH was subtle and easily
obscured by younger units. Neither the OAH nor anticline D1 reached present day geometries in
this restoration, suggesting that deformation continued beyond Unit 9 time.
3.8.4 Eastern Domain Restoration: Domain 8 J-J’
Transect J - J’ crosses through syncline E2, open -styled syncline with a ~150 m
wavelength (Figure 3.27A). The southernmost limb of syncline E2 is composed of Units 6 – 9.
The diapir contact is steep (~60°) and Unit 6 erodes into the diapir caprock. Units 9 and 10 dip
into the axis of the syncline and obscure any underlying stratal geometries. For this restoration, is
was assumed that the underlying strata do not significantly change in dip in the subsurface. The
synclinal hinge of E2 is shown as an angular hinge based on dip projections. Units 7-10 are
projected to thin towards the diapir, though this thinning geometry is only constrained in Domain
3, where those units pinch out atop fold C3. There is no surficial evidence to interpret the
subsurface geometries of Units 1 – 6 and they are interpreted to pinch out in the subsurface.
Units 9 – 6 are restored in this section since they show the syncline E2, these units have
the most outcrop data to support their geometric interpretation and Unit 9 is a growth syncline
that thickens into its axis (Chapter 2).
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Figure 3.27 Eastern Domain structural restoration along J-J’. See Panel 2 for location and the text for details.
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Field measurements show that each unit thins towards the diapir (Chapter 2). Each unit is
restored to a horizontal orientation using the flexural slip algorithm and is pinned at the
northernmost portion of the section.
Restoring to top of Unit 9 shows it thickening from ~50 m at the OAH to ~65 m into
syncline E2 (Figure 3.27B). It thins to ~20 m near the steeply dipping (54°) diapir. North of the
OAH, underlying strata increase in dip from 2° (Unit 8) to 11° (Unit 1) into the adjacent Fisher
minibasin.
Restoring to Unit 8 shows it as wedge thinning towards the OCSD (Figure 3.27C).
Syncline E2 is restored in Units 6-8 by this time, however Units 1-5 are still folded beneath Unit
6. The diapir contact dips at 44°. Restoring to Unit 7 also shows it as a wedge thinning towards
the OCSD, however it thickens slightly from 30 m at the OAH to 35 m above syncline E2. It
thins to ~25 m near the diapir contact which dips at 44°.
Restoring to Unit 6 shows it as a wedge that thins towards the OCSD and thickens
slightly from 95 m at the OAH to 105 m in the axis of syncline E2 (Figure 3.27E). It thins
slightly to ~88 m near a diapir contact of 37°.
There is a lack of surficial data to constrain the subsurface geometries of syncline E2 for
Units 1-6, which causes uncertainty in the interpretation of restoration results. However, the
restorations show that the diapir contact may steepen up section from Unit 6 (37°) to Unit 9 (54°)
and that syncline E2 was periodically buried. Syncline E2 appeared to correlate with thickness
increases into its axis during Unit 6 and Unit 7 time. During Unit 8 it appeared to be buried.
Surficial data show that Unit 9 likely thickened into syncline E2 during deposition. This suggests
that folding was a gradual and potentially episodic process in this structural domain. The section
was shortened up to 8% during this process.
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3.8.5 Diapir Parallel Restoration K-K’
The Diapir Parallel Composite Cross section attempts to visualize the configurations of
domains 3 – 7 across radial faults (Figure 3.28A). Units 1 – 11 are exposed variably on the
ground and within the surrounding cliffs, making the projection of unit thicknesses across
structural Domains 4 and 5 difficult. Fold axes are offset across radial faults (Figure 3.9), also
adding uncertainty to the correlation of thicknesses in buried units across radial faults. Units 7 –
10 are eroded in the central portion of this transect and their thicknesses are projected as a
gradient between the thicknesses measured in Domain 3 and Domain 6.
Restoration steps at Unit 10, Unit 6 and Unit 3 are shown. Restoring to Unit 10 shows it
pinching out at the top of Domain 3 and thickening towards Domain 6 (Figure 3.28B). Radial
faults between Domain 6 and 7 are shown to have Units 6-10 thickening across them (Chapter
2). In this restoration step Domains 3, 4 and 5 are relative topographic highs to Domains 6 and 7.
In Domain 3 Units 1 – 5 dip eastward at a 16° degree angle. Restoring to Unit 6 show Unit 6
thickening into Domain 3 and 4 (Figure 3.28C). Domains 5 and 7 were relative topographic
highs and Domain 6 is a relative structural low. In Domain 3 Units 1 – 5 dip eastward more
gently at 7°. Restoration to Unit 3 shows minimal offset along radial faults, with Unit 3
thickening towards Domain 3 (Figure 3.28D). Units 1-3 in Domain 3 are sub horizontal during
this restoration step.
Differences between the dips of Units 1-5 in the restoration of Unit 10, Unit 6, and Unit 3
suggest that the gradual subsidence of those strata created accommodation space for Units 7-10
to pinch out atop fold D3. Differences in radial fault offset in each restoration step suggest that
each structural domain moves up and down throughout their deformational history.
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Figure 3.28 West to East diapir parallel structural restoration along K-K. See Panel 2 for location and the text for details.
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During Unit 10-time the western part of Domain 3 is a structural high, yet during Unit 6
time it is a structural low. The inverse occurs for Domain 6. However, these restoration results
suggest that radial faults aren’t accommodating slip in the same direction throughout
deformation and may experience inversion during their deformational histories.
3.8.6 Summary
Table 3.1 summarizes the timing, distribution, and types of deformation across the study
area. Reconstructions of cross sections suggest that smaller scale deformation began early in the
history of deposition of the mapped stratigraphy and that fold wavelength and amplitude
increased as thicker amounts of sediment were deformed, creating folds with polyharmonic
wavelengths.
Small scale (<20 m) folding was likely short lived and by the time of deposition of Unit 4
larger wavelength folding was occurring (> 100 m). The diapir contact increased in dip as burial
wedges progressively onlapped the diapir. The restorations also suggest that the evolution of the
OAH began early in the deformational history of these sections (Unit 2-Unit 4 time). It gradually
evolved as sediments within < 600 m from the OCSD were deformed adjacent to salt and strata
beyond 600 m from the salt sediment interface began to dip towards the Fisher Minibasin. A
later stage of deformation that is younger than the deposition of Unit 11 and isn’t sufficiently
explored by the restorations due to the lack of preservation near the diapir of these younger units.
This deformation consists of the final rotation of anticlines C2 and D2 to present day geometries.
Restoration of the diapir parallel cross section suggests that radial faults and reverse
faulting within folds began coevally and that radial faulting was longer lived. Additionally the
restorations suggest that radial faults allowed structural domains to move up and down
throughout their deformational history.
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Table 3.1. Summary of deformation styles within each Domain from restoring a cross section through each Domain in the study
area. Folding appears to begin as early as Unit 2 time and continues throughout the mapped stratigraphy. Folds
become buried at progressively younger times from Domain 1 through Domain 8.
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3.9 SALT SHOULDER CLASSIFICATION & RESTORATION
Field mapping, structural restorations, excess area depth to detachment modelling, and
2D gravity modelling suggest that the Cutler Group were folded adjacent to a steeply rising
diapir and detached on a shallow instep of the salt margin within a 300 - 600 m zone from the
currently exposed diapir contact (Astromovich, 2020, refer to Chapter 2, this dissertation).
These relationships between salt, structure, and sediment thicknesses can best be
described through a salt shoulder model (Figure 3.29). A salt shoulder is a low angle segment of
the salt sediment interface where the outer margin of the diapir abruptly steps inboard, creating a
diapir margin instep which is covered by wedge-shaped stratal panels of diapiric roof, called
burial wedges (Halbouty, 1982; McFarland, 2016; Heness et al., 2017; Langford et al., 2021). To
form burial wedges, diapirs must first be beveled by regional unconformities. Then they must be
partially buried (Langford et al., 2021). If the salt inboard of the instep continues to rise steeply,
it preserves the instep of the diapir margin as a salt shoulder (Langford et al., 2021). As the
diapir rises and/or the instep subsides burial wedges sediments deposited on the salt shoulder
may be deformed halokinetically between the inboard margin, where the diapir steeply rises, and
the outboard margin, where sediments dip away from salt into the adjacent minibasin (Langford
et al., 2021). Sediments deformed along the buried outboard margin drape fold into an anticline
known as the outer anticlinal hinge (Langford et al., 2021).
This salt structure model matches field observations and structural restoration results
shown in this chapter and in the previous chapter. 4 tapered composite halokinetic sequences
were documented and described in the last chapter. Within them each unit thins towards the
diapir and is in angular contact with the underlying unit. Restorations show that the diapir margin
generally increases in dip as younger Cutler Group units onlap and are deformed adjacent to the
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Figure 3.29 A schematic explaining salt shoulders. Salt shoulders are formed when regional unconformities erode diapiric roof
and allow sediments to deposit inboard of the diapir margin. Subsequent salt movement deforms thin roof
sediments syndepositionally and preserves an instep of the diapir margin, called the salt shoulder. Salt shoulder and
its associated roof are later buried by burial wedges.
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diapir. Excess area depth to detachment modelling and 2D gravity modelling suggest that
the Cutler Group were folded adjacent to a steeply rising diapir and detached on a shallow instep
of the salt margin within a 300 - 600 m zone from the currently exposed diapir contact (This
study; Astromovich, 2020). The limit of deformation is marked by an OAH, north of which strata
dip homoclinally into the adjacent Fisher Minibasin.
Figure 3.30A is a cross section that ties deformation in the field area to the basin-wide
seismic stratigraphy of Trudgill, 2011 in the adjacent minibasin. The section is projected to the
location of the Exxon Federal-1 well approximately 4 km North of the OCSD and is shown to
form a salt shoulder near the salt sediment interface (Plate 1). Units 6 up to the Moenkopi
Fm./Cutler Group erosive contact are exposed in this transect. Units 6, 10, 13 and the Moenkopi
Fm. are restored in this section (Figure 3.30B-E). Moenkopi Fm. has been documented as resting
on top of the OCSD, which suggests that by the Triassic the diapir was buried (Boyers, 2000;
Doelling, 2002). It is unknown how much Cutler Group strata have been removed by Moenkopi
Fm., which is projected as an anticline that buries the diapir. There are no constraints for the
geometry of the Cutler Group/ Moenkopi Fm. contact which adds significant uncertainty to the
restoration of the top of the Cutler Group
Restored Unit 6 shows a narrow instep of the diapir margin where burial wedges have
been deformed into folds D4 and D5 adjacent to a steeply rising diapir (Figure 3.30B). Beyond
the OAH, strata dip gently (4°-6°) towards the adjacent Fisher minibasin.
Restored Unit 10 shows continued deformation adjacent to a steeply rising diapir (Figure
3.30C). Beyond the OAH Units 7-10 gently dip towards the adjacent Fisher minibasin (1°-5°)
whereas older units dip more steeply (~9°) towards the subsiding minibasin.
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Figure 3.30 Shoulder Cross Section L-L’
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Restored Unit 13 continued deformation above the instep of the diapir margin adjacent to
a steeply dipping diapir contact (Figure 3.30D). By this time, Units 1-10 are dipping ~22° north
of the OAH towards the adjacent Fisher minibasin, matching dips observed in the field. Units 11
– 13 are dipping more gently towards the adjacent minibasin (4° – 11°) suggesting that continued
minibasin subsidence is required to reach present day geometries. Burial wedges are still
onlapping the diapir and buried strata do not fully show the full anticline geometry described in
section 3.7.
Reliably interpreting restoration geometries is difficult because there isn’t clear evidence
for the final geometry of the Cutler Group prior to its erosion by Moenkopi Fm. depositional
systems. However, restoring Figure 3.30E to the Moenkopi Fm induces an overarching anticlinal
geometry within the buried Cutler Group strata where to the north of the anticlinal hinge, strata
dip into the Fisher Towers minibasin and to the south of the outer anticlinal hinge, the upper
strata dip into the diapir, and overlie and include smaller polyharmonic folds.
This transition in salt shoulder geometry between the restoration of Unit 13 which shows
strata onlapping the diapir and the restoration of the Moenkopi Fm suggests that the rotating of
the upper strata of the salt shoulder into an anticline, called “Shoulder Roll” by McFarland
(2016) is a deformation that occurred process after the deposition of Unit 13. Shoulder roll is a
term that applies the late-stage folding shown in figures 3.25 and 3.26. The lack of brittle
deformation features within the study area suggests that shoulder roll likely happened relatively
soon after the end of Cutler Group deposition, prior to lithification. At the base of the Moenkopi
Fm is a regional unconformity. It may have contributed to shoulder roll by removing diapir
overburden or causing dissolution within the salt shoulder.

145

3.10 DISCUSSION
3.10.1 Comparisons to other studies
This study represents the most detailed stratigraphic and structural study of the northern
margin of the OCSD. This is the only study to attempt to correlate surficial structure and a local
stratigraphy with each other and Trudgill (2011)’s regional framework. Other studies focused
solely on sedimentary facies (Venus et al., 2015; Cook, 2017), broad structure (Hudec, 1995;
Doelling, 2000; Trudgill, 2011) or a specific locale (Iraz, 2018; Wegmann et al., 2021). No other
mapping across the entirety of the field area used the same level of precision as this one, with
other workers using helicopter flights and road views to interpret bedding orientations and faults
which were mapped on flat, 2D photographs rather than a 3D model (Hudec, pers. Comms). In
contrast, in chapter 1 I created a mappable stratigraphy which was correlated using field
observations, measured sections and multiple <1 m - ~5m scale resolution 3D photogrammetric
outcrop models. They allowed for an unprecedented level of precision for evaluating structural
features and testing hypothesis presented in other publications.
Doelling, 2002 and others interpreted a Neogene extensional fault that coincides with the
outer anticlinal hinge (Doelling, 2002; Hudec, pers coms). It is clear from this dissertation that it
is an anticline, not a collapse fault. Trudgill, 2011 reports the presence of overturned bedding at
the diapir contact on the northern side of the OCSD. Field mapping for this study determined that
although strata are rotated up to 78° at the diapir contact there are no overturned beds at the
diapir contact on the northern side of the OCSD.
3.10.2 Deformational Mechanisms
Just as previous workers have interpreted a variety of salt structure models to explain the
deformation observed on the N. OCSD, so too have they interpreted a variety of deformation
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mechanisms inherent in creating those structures. Doelling (2002) and Hudec (1995) have put
forth the most widely accepted deformation mechanisms for the OCSD where the deformation
currently exposed there is interpreted as the result of diapir roof collapse. Diapir roof collapse is
hypothesized to have been triggered by salt dissolution or salt withdrawal, Laramide tectonics, or
Cenozoic regional extension (Hudec, 1995; Boyers, 2000; Doelling, 2002;). Although they
recognized that there likely was syndepositional deformation present in the study area, Venus et
al. (2015) and Cook (2017) partially based their facies studies on a post-depositional deformation
and interpreted that the Cutler Group sediment in contact with the N. OCSD was not in-situ.
Cook (2017) did not include the zone of deformation identified in this study within his and
hypothesized that syndepositional folding experienced later brittle deformation due to salt
dissolution induced collapse. Cook (2017) attributed syndepositional folding to slumping off the
diapir. Trudgill (2011) recognized that deformation is syndepositional but did not explore
syndepositional deformation mechanisms. Two additional deformation mechanisms that have not
been published but should be considered are diapir stem push and contraction related to
Uncompaghre Uplift tectonic compression as potential deformational mechanisms (Figure 3.2E
and G) (Fischer, pers. Comms 2019; Pavlis Pers. Comms 2021).
This study proposes syndepositional gravity spreading off the rising diapir as the primary
deformation mechanism and compares it to other deformational mechanisms. Deformational
mechanisms invoking diapir roof collapse to cause deformation are incompatible with field
observations. Growth strata in folds and the lack of normal faults require syndepositional folding
within a regime that was subjected to episodic compression, causing contractional folds.
Collapse mechanisms require extensional collapse of the diapir roof through salt withdrawal, salt
dissolution, Cenozoic tectonic extension or contractional or extensional faulting related to
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Laramide compressional forces. Doelling (2002) interprets a collapse-zone boundary that
coincides roughly with the mapped outer anticlinal hinge of this study. Hudec, personal comms,
interpreted a similar boundary consisting of a southward dipping normal fault in the same
location based on observations from helicopter flights and photos. For this study I climbed to that
boundary and confirmed that sediments fold along the OAH with no offset, showing that no postdepositional extensional faulting has occurred within the Cutler Group strata outcropping in the
study area. Additionally, no collapse blocks are observed on the northern side of the OCSD,
except for potentially in the ADZ, suggesting that diapir roof collapse was restricted to the
southern side of the diapir. With the lack of evidence to support previously published collapse
zone faults or boundaries, the lack of brittle deformation features consistent with roof collapse
adjacent to the diapir, and the clear evidence for syndepositional deformation mechanisms that
invoke diapir roof collapse are incompatible with field observations.
Slumping off and mass transport of Cutler Group strata off the OCSD is not a viable
mechanism to explain the deformation observed in this study. Slumping and mass transport
processes near diapirs require a topographic gradient and slope failure, which produces
distinctive chaotic sedimentary deposits incongruent with surrounding strata (Plint, 1986;
Shanmugam, 2015). Field mapping and measured section data collected in Chapter 2 show that
folded strata adjacent to the diapir can be traced continuously into correlative marker beds in the
surrounding cliffsides with no disruption, disproving this hypothesis. Uplift of the strata to create
a slump would create angular unconformities where younger strata onlap the slumps, and these
are not present.
Stem push refers to the stresses exerted upon strata flanking a diapir stock as it widens
adjacent to buried strata (Coleman et al., 2018). Stem push has been interpreted to be one causal
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mechanism behind radial faulting adjacent to diapirs, was first recognized in numerical models
of salt diapir stresses, has not been associated with folding and has only been applied to
seismically interpreted diapirs (Coleman et al., 2018). In the study area we see no evidence of a
widening diapir stock, instead we see strata onlapping the diapir, causing it to narrow.
Restorations show that folding and faulting occurred syndepositionally and took place at or near
the surface. This structural conclusion is supported by units that are shown to thicken across
radial faults, into syncline axis, and change facies across structure (Chapter 2). The stem push
hypothesis is incompatible with field observations.
Another potential deformational mechanism is contraction related to the compressional
forces that caused the NW/SE trending Paleozoic Uncompaghre uplift (Pavlis, pers. Comms).
The Uncompahgre uplift is associated with the Greater Ancestral Rocky Mountain (GARM)
deformational event which created the Paradox Basin and affected North America from the early
Mississippian to early Permian (Wolfcampian) (Ye et al., 1996; Dickinson and Lawton, 2003;
Kluth & DuChene, 2009). Previous workers’ field studies and analogue modelling have shown
that in compressional tectonic settings contractional structures may propagate far away from a
basement-involved thrust front, contains a narrower cross-sectional taper, and may contain
several widely and regularly spaced folds (Davis & Engeler, 1985; Jaume & Lillie, 1988; Cotton
& Koyi; 2000). In this model the contraction observed in the study area is interpreted to have
been influenced by regional compressional forces related to the Uncompahgre uplift.
Observations from this study suggest that Paleozoic regional tectonics are unlikely be the
primary mechanism causing syndepositional folding in the study area. The radial faults and folds
described in this study only extend through to the OAH. Fold wavelengths are significantly
tighter adjacent to salt and in Domains 1, 2, 3, 7 and 8 strata are rotated at the diapir contact,
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suggesting that local salt tectonic processes are the primary influences on the deformation
observed in the study area. However, a regional study is required to properly investigate this
hypothesis.
This study proposes halokinetic drape folding, combined with gravity spreading off a
steep diapir contact as the primary deformational mechanism in the study area (Figure 3.31).
Gravity spreading is defined as the vertical collapse and lateral spreading of a body under its own
weight because of a sloping surface (Ramberg, 1982; Rowan et al., 2004; Peel, 2014). In this
model, Cutler Group strata episodically bury the OCSD. However, between episodes of burial,
the diapir can rise and its diapir-sediment contact progressively steepens. As successive layers
onlap the narrowing diapir the overburden accumulates a sufficient weight to cause it to separate
from the diapir roof and spread down the steep diapir contact. Spreading is accommodated by
folding and variations in diapir contact morphology are accommodated by radial faulting,
segmenting the gravity spreading layers into individual structural domains.
The data from this work support this interpretation. Generally, where sediments are in
depositional contact with the diapir, they dip steeply away. The best interpretation of this would
be drape folding of sediments deposited on the diapir. Near synchronous and short-lived folding
of the immediately overlying strata indicate contraction, possibly due to the gravity spreading of
the uplifted diapir. The angular unconformities and halokinetic sequences developed on the
diapir (Chapter 2) support this halokinetic and syndepositional compression mechanism.
3.10.3 Implications for structurally influenced concentrations of sediment near the OCSD
Field mapping, measuring sections, and 3D isopachs showed that sediments thicken into
synclines (microbasins) and thin onto structural highs (Chapter 2).
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Figure 3.31 A schematic showing gravity sliding processes on the salt shoulder. A. a thin burial
wedge is deposited on the instep the diapir margin. B. it folds along a shallow salt
detachment as the angle of the instep steepens. C. New strata further onlap the
diapir and bury a steepening salt-sediment contact. Fold wavelengths increase as
sediment thicknesses increase.
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Microbasins have been described from other burial wedges in the Paradox Basin (Langford et al.,
2021). In the Cutler, they serve as local depocenters for fluvially transported sands.
Field mapping and structural restorations also show that timing and scale of fold
development varied between radial fault bounded structural domains. Domains 1 and 2 show
shallow or small wavelength synclines and Domains 3 and 4 show no synclines. In comparison,
Domains 5, 6, 7 and 8 show individual synclines of varying wavelengths whose axes are offset
by radial faults. Units 7-10 pinch out atop of the anticline in Domain 3, suggesting that radial
faulting also gradually influenced variations in accommodation space between structural
domains.
Figures-3.32A-D relate unit thicknesses and structural restoration results for Units 3, 6,
10 and 11. During the deposition of Unit 3 small scale folding was widespread across the
western and western interior domains (Figure 3.32A). In the eastern interior and eastern domains
lesser amounts of folding are occurred. Isopach maps show that Unit 3 is generally thickest in
Domains 1 and 2 and thinnest in Domain 6. By Unit 6-time radial faulting appears to segment
western interior and eastern interior domains (Figure 3.32B). Unit 6 is thickest in Domains 4, 5,
and 8 and thinnest in Domains 1-3. In Domains 4, 5, and 8 Unit 6 thickens into synclines
(Chapter 2). During Unit 10-time syncline E2 in Domain 8 functioned as a microbasin which
accumulate sediments (Figure 3.32C). Synclinal microbasins in Domains 5 and 6 were likely
filled and buried by this time. Domain 3 acted as a topographic barrier to Unit 10, causing it to
pinch out against anticline C2 (Figures 3.15 & 3.25). During the deposition of Unit 11 anticline
C2 no longer acted as a topographic barrier, allowing Unit 11 to be deposited across the entire
study area, with larger concentrations of sediment accumulations occurring in the Domains 7 and
8 (Figure 3.32D).
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Figure 3.32 A linked schematic showing fold axis distributions across the study area during Units 3, 6.
10 and 11 time.
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Figure 3.32 suggests that synclines formed at younger times in eastern domains than in
western domains. Younger-forming synclines (e.g. Domain 8 syncline E2, Unit 6 time) appear to
have wider wavelengths and can potentially accommodate more sediments in their microbasins
than earlier forming synclines with smaller wavelengths (e.g. Domain 5 syncline D5, Unit 3
time).
3.10.4 Implications for the Halokinetic Influences on Fluvial Systems Adjacent to the
OCSD
Sediment thicknesses and facies distributions were used to conclude that sediment was
deposited within dynamically evolving microbasins while depositional systems continued to
cross over the diapir and deposit on its southern side, albeit at a reduced thickness (figure 2.31,
Chapter 2). When linked together, the structural history and the depositional history of the Cutler
Group outcropping next to the OCSD suggests that there was an intimate relationship between
structurally controlled accommodation space near the diapir and the depositional systems
depositing sediment around the diapir. Figures 2.25 – 2.28 show how Units 7-10 pinch out atop
anticline C2 in Domain 3 (Chapter 2). East of that pinch out Units 7-10 thicken into microbasins
and show variable thicknesses across radial faults F3, F4, F5, F6 and F7 (Figures 2.25 – 2.28,
Chapter 2). Conglomeratic sandstone sheets in Unit 6 are observed in Domains 4, 5 6, and 7
which contain both anticlines and synclines. However, in Domain 8, Unit 6 shows developed
channel systems in the southern limb of syncline E2 (Figure 2.18). These observations suggest
that although the diapir itself likely never formed enough of a topographic boundary to reroute
regional fluvial systems, lateral variations in structurally controlled topography influenced the
distribution of unit facies and potentially influenced the local distribution of fluvial channels as
they flowed across the diapir. Figure 3.33 summarizes these observations and attempts to relate
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facies distributions to diapir-parallel variations in deformation. During the initial deposition of
burial wedges on the salt shoulder structurally controlled topography likely did not influence
sediment distributions (3.33A). By Unit 6-time domains were offset against each other along
radial faults. Down-dropped blocks likely accumulated coarser sediments and more energetic
channel systems than topographically higher blocks (3.33B). By Unit 10 time, anticline C2 in
Domain 3 served as a structural high upon which Unit 10 pinched out. During this time coarser
sediments and channel systems were likely concentrated on the eastern portion of the study area
(3.33C). Relatively isopachous thickness distributions for Unit 11 suggest that its deposition was
less influenced by diapir parallel variations in topography (3.33D).
3.11 CONCLUSIONS
This chapter explores the deformational history of the Cutler Group sediments
outcropping on the northern side of the OCSD. Folds, asymmetric synclines, SASA fold trains,
small wavelength reverse faulted folds, and an outer anticlinal hinge are recognized in the study
area and interpreted to detach on shallow salt. Their distribution and fold axes are offset by radial
faults that extend up to 600 m north of the salt sediment interface. Minor amounts of reverse and
normal faulting are observed within the cores of anticlines and along their limbs. Lateral
variations in deformation can be separated into eight structural domains, which when restored,
show a dynamic history of gravity spreading away from a steeply rising diapir.
The salt structure located on northern side of the OCSD is classified as a salt shoulder,
where burial wedges of sediment are deposited above an instep of the diapir margin and
deformed adjacent to a steeply rising diapir. Field observations suggest that the observed
deformation can be explained by halokinetic processes interacting with episodic and energetic
deposition of fluvial strata across the diapir. Diapir rise between depositional episodes resulted in
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drape folding of strata off the diapir and the contractional folding of strata against the steep
diapir contact, possibly through gravity spreading off the now topographically elevated diapir.
These folds trend parallel to the diapir. As the thickness of strata adjacent to the diapir contact
increased, fold wavelengths increased and larger wavelength synclines formed, acting as
microbasins that exhibit growth strata. Radial faulting accommodated variations in contraction
across an irregular diapir contact, separating the study area into eight structural domains which
exhibit different styles of folding. Synchronous with diapir parallel folding and radial faulting a
transverse monocline formed in the center of the study area, upon which four units onlap and
pinch out. Structural restoration results suggest that synclines form at progressively younger
times eastward along the diapir margin. Structural domains composed entirely of large
wavelength synclines higher concentrations of sediment than structural domains which are
composed of anticlines and synclines. Integrating facies distribution analysis and isopach
measurements from Chapter 2 with the timing of structure development in the study area
suggests that although the OCSD likely never rerouted regional fluvial systems, lateral variations
in structurally controlled topography likely influenced facies distributions and potentially
influenced the local distribution of fluvial channels as they flowed across the diapir.
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Figure 3.33 A schematic linking the distribution of facies in Units 1, 6, 10 and 11 from
Chapter 1 with structural data from this chapter. In A. structure does not appear to
influence the distribution of facies during Unit 1. In B. Radial fault controlled structural
lows coincide with varying distributions of cross bedded sandstones bearing fluvial
channels and conglomeratic sandstones found in sandsheets and channel systems. It is
hypothesized that coarser depositional systems were localized into corridors defined by
radial fault controlled structural lows. In C. the western portion of the study area serves as
a structural high upon which Unit 10 pinches out, suggesting that it was a structurally
controlled area of non-deposition. In D. Unit 11 is shown to distribute conglomeratic
sandstone channels and sandsheets across the study area, suggesting that by this time
structure ceased to significantly influence sediment distributions.
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Chapter 4 Cement and Porosity distributions around Radial Faults in a Salt Shoulder, N
Onion Creek Salt Shoulder
4.1 ABSTRACT
This study uses a newly developed workflow to apply thin section derived rock
composition data to a 3D model for the purpose of investigating potential relationships between
porosity, cement, and fault distributions at the northern side of the Onion Creek Salt Diapir. The
role of faults as fluid conduits in the study area is poorly understood. Concentrations of cements,
areas of low porosity or minerals precipitated from fluids may suggest that faults did serve as
fluid conduits. To explore potential relationships between cement concentrations and their
proximity to faults a new workflow was developed for integrating thin-section point count data
with 3D outcrop models to visualize and interpolate point count-derived rock constituent values.
Using thin section data coupled with statistical and 3D modelling methods this study modeled an
initial dataset of porosity and cement values to predict that there are localized zones of high
cement and low porosity around faults near the Onion Creek Salt Diapir. A secondary dataset is
collected to test modelled predictions and explore the nuances of using digital tools to model
field sample data. The results of this study tentatively suggest that radial faults could have
potentially served as fluid conduits. However, it shows the difficulties and limitations in
applying exploratory statistical methods to investigate complex geologic processes. This study
shows the benefits of integrating digital methods with field geology, while highlighting potential
uncertainties within interpretations derived from integrated field and digital datasets.
4.2 INTRODUCTION
This study used thin section petrography to explore cement and porosity distribution in a
340 m wide X 170 m long exposure adjacent the Onion Creek Salt Diapir (OCSD),
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approximately 19 km NE of Moab, Utah (Figure 4.1). The study lies within a canyon eroded into
the Permian Cutler

Figure 4.1 Location map of the Paradox Basin and Onion Creek salt wall study area. Inset map
showing location of the study area in Utah and the United States. ARM = Ancestral
Rocky Mountain Modified from Trudgill (2011) and Barbeau (2003)
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Group, which is deposited and deformed as burial wedges upon a salt shoulder (Figure 4.2). A
salt shoulder is an instep of the diapir margin adjacent to steep passively rising salt over which
halokinetic sequences and burial wedges are deformed (Halbouty, 1982; McFarland, 2016;
Heness et al., 2017; Langford et al., 2021). In the study area, strata are syndepositionally
deformed within a 300 m – 600 m wide zone adjacent to the exposed caprock of the OCSD
(Doelling, 2002; Trudgill, 2011; refer to Chapter 2). Deformation styles are generally
characterized by up to 600 m long radial faults and syndepositional folds (refer to Chapters 1 &
2). The deformed strata are part of the Cutler Group, an alluvial-fluvial unit comprised of
variably cemented interstratified arkosic conglomerate, sandstone, and siltstone. In the study
area, the Cutler Group is divided into fourteen informal units that were mapped across eightradial fault bounded structural domains (refer to Chapters 2 and 3) (Plate 2, Figure 4.3). Some of
the stratigraphic units show change of color and resistance to erosion across some radial faults.
Therefore, cements were analyzed within one unit across a pair of intersecting radial faults.
Statistics were used to determine whether a sparse dataset, such as this, can be used to
distinguish spatial changes in cement fabrics.
Point counts were obtained from eighteen thin sections sampled from Unit 6 near two
intersecting radial faults to document spatial variations in cement concentration (Figure 4.4).
Exploratory statistical analysis (explained in section 4.5) was conducted on the point count
results to evaluate the significance of potential relationships between grain volume and grain
type distributions and identify any potential distribution trends associated with the radial faults.
Porosity percentages and cement percentages were projected onto a 3D photogrammetric modelbased surface and interpolated across the study area to predict porosity and cement trends using a
mixed workflow (explained in section 4.5) developed around QGIS and python modules
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(explained in section 4.5). Interpreted trends tested by a second dataset of six samples derived
from areas predicted to be high porosity and areas predicted to be of low porosity within
structural Domains 4, 5 and 6. This ancient example may provide a method that can be used to
study hydrologically and structurally complex strata such as these. Similar studies can provide
insight as to the nature of fluid flow adjacent to diapirs, their effects on adjacent ground water
systems, fault seals in hydrocarbon or carbon capture reservoirs, and near-diapir sediment hosted
mineral systems (Bouhlel et al., 2016; Garcia et al., 2017).
4.3 GEOLOGIC SETTING
This study focuses on Unit 6 which is exposed in folds and within the cliffsides
surrounding a modern canyon (Canyon D) on the northern side of the OCSD (Figure 4.4, Panel
2) (Chapter 2). Unit 6 is almost entirely comprised of conglomeratic sandstone exposed as
laterally continuous sand sheets with very minor amounts of cross stratified sandstone and ranges
from nineteen to forty-six m in thickness (Chapter 2). It thickens into structural lows and thins
onto structural highs (Figure 4.5).
Exposed in the study area are three radial faults (F3, F4, F5) that divide the area into four
structural domains (Domains 3, 4, 5 and 6) with two different fold styles (Plate 2). The first fold
style, outcropping in structural Domain 4 is a broad syndepositional anticline (D1, D2, and D4).
The second fold style, outcropping in structural Domains 5 and 6 is comprised of a
syndepositional anticline (D2 and D4) paired with an asymmetrical syncline (D3 and D5). Unit 6
thickens into the axis of the asymmetrical synclines (Figure 4.5). The syndepositional
deformational history of the study area was explored using structural restorations in Chapter 2
which concluded that during the deposition of Unit 6 Domains 3, 4 and 5 contained synclinal
microbasins that accumulated thicker amounts of sediment (Figure 4.6
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Figure 4.2 A schematic explaining salt shoulders. Salt shoulders are formed when regional
unconformities erode diapiric roof and allow sediments to deposit inboard of the
diapir margin. Subsequent salt movement deforms thin roof sediments
syndepositionally and preserves an instep of the diapir margin, called the salt
shoulder. The salt shoulder and its associated roof are later buried by burial wedges.
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Figure 4.3 Geologic map for the study area. eight structural domains are exposed on the north side
of the OCSD. This study focuses on structural Domains 4-6, outlined in white.
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Figure 4.4. Structure, map units, and sample distributions overlain onto a 3D photogrammetric model. Projected sample sites
(black) were not fully accessible, but an initial dataset (light blue) was collected in August 2020. A secondary
dataset (grey) to test model predictions was collected in February 2021.
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Figure 4.5. An outcrop example of beds variable thickness with structure in structural Domain 5. Beds expand into structural lows (near)
165 structural highs (far) and some units pinch out atop of anticlines.
nearly doubling in thickness. They also thin onto

Figure 4.6 Diapir parallel transect across the study area. Above: 3D geologic map showing
distribution of units and the cross section. Middle: Diapir parallel cross section
showing structural domain offset along radial faults. Bottom: Restored diapir parallel
cross section showing the relative distribution of structural domains. This modeling
study focuses on Domains 3 – 6.
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4.4 PREVIOUS WORK
To date no petrologic descriptions or petrology-focused thin section images have been
published strictly from the Cutler Group outcropping within the study area, though a few studies
have published geochemical data and petrologic descriptions from the Fisher Towers area
(Werner, 1974, Van De Kamp and Leake, 1994). Previous workers describe the Cutler Group as
an interstratified arkosic conglomerate, sandstone, and siltstone (Werner, 1974). Sands are
reported as being poorly sorted and immature with the most volumetrically important
constituents being quartz, rock fragments (lithics), feldspar, biotite, iron-stained clay, and
authigenic calcite. Pebbles in the conglomerate consist of meta-igneous lithologies and
intraformational siltstone clasts. Accessory minerals reported are apatite, chlorite, epidote,
garnet, muscovite, opaques, sphene, tourmaline, and zircon (Werner, 1974). Kenroy (2013)
studied the Permian and Mesozoic sediments surrounding the OCSD to understand fracture
controlled paleohydrology. Hudson et al. (2017) studied stringers within the OCSD and
suggested that the possibility of fluid migration through diapiric caprock should be considered.
Cook (2017) used hand-held camera-based photogrammetry to try to build a
photogrammetric model across Domains 4, 5 and 6, but solely used it for mapping purposes. As
the use of photogrammetry in the geosciences matures, it is becoming more and more accessible
to non-specialists, allowing workers to use photogrammetric tools to model outcrops (Cook,
2017; Pavlis & Mason, 2017; Nesbit et al., 2018; Jobe et al., 2020; Howell et al., 2021 etc). A
variety of software tools have begun to use virtual outcrop models to calculate bedding and
fracture orientations, interpret facies, and create virtual field trips (VRGS, Lime, Cloud
Compare, etc). A few workers use drone models for high resolution mapping and as a basis for
creating schematics for reservoir modelling exercises (Nestbit et al., 2018, Stright et al., 2020).
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Some industries, such as agriculture, use machine learning to identify crops using colors and
lidar point clouds (e.g. Alexandris et al., 2021). To date, no studies have been published
integrating thin-section data with drone-data based 3D surfaces to interpolate and predict rock
properties.
4.5 METHODS
4.5.1 Sampling & Point Counting
Eighteen samples were collected from the study area in August 2020 (Figure 4.4).
Sample sites were determined by randomly sampling points with a minimum 50 m spacing
between them throughout the extent of Unit 6 in the study area (Figure 4.4). In practice,
sampling was limited by outcrop accessibility (Figure 4.4).
A second dataset of samples were collected in February 2021 to test predictions made by
analysis of the first dataset. Samples were sliced and sent to Spectrum Petrographics to be cut
into standard thin sections with red calcium staining to highlight calcite cement. 300 count point
counts using the Gazzi-Dickinson method were conducted on a petrographic microscope
focusing on quartz, feldspar, and lithic content as well as carbonate cement, pore space, opaque
mineral, mica, accessory mineral, and clay volumes (Ingersoll, 1984). Classification was done by
comparing percentage volumes of quarts (Q), feldspar (F), and lithic grains (F) (Folk et al., 1970;
Pettijohn, 1975).
4.5.2 Exploratory Statistics and Interpolation
Point count data were analyzed using the python module SciKit-Learn to run exploratory
cross plots, create correlation heat maps, and to cluster the percentages of quartz, feldspar, lithic
grains, carbonate cement, porosity, opaque minerals, and clay volumes in an to attempt to find
any correlations within the dataset. Point clouds specifically detailing the distribution of Unit 6
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were built in QGIS from 3D outcrop model-derived Digital Elevation Maps (DEMs) built using
the Agisoft Metashape software suite. To build each point cloud, an area of interest was outlined
in a polygon shapefiles. A 2D grid of points was created within the polygon using the QGIS
Generate points inside polygons tool. Once created, the 2D grid was assigned 3D coordinates
from the DEM using the QGIS Drape (set Z value from raster) tool. Then the 3D grid was
exported to a .csv file and loaded into python using the Pyvista and PVGeo modules (Sullivan et
al., 2019, Sullivan et al., 2019). Once loaded, the point clouds were converted into 3D surfaces
using the Delaunay triangulation algorithms within Pyvista. They were then overlain by a second
data set comprised of percent porosity and percent cement values. Cement and porosity
percentages were interpolated between sample locations using the PVGeo simple surface
interpolation algorithm, where one point array is interpolated onto another mesh using a
gaussian kernel. Sample locations for the second sampling campaign were picked based on the
interpolated porosity and cement percentages. Samples were then collected in the field, and then
point counted to test the validity of the model. The input data along with a jupyter notebook with
executable code is stored online at github.com/dfbrav.
4.6 POINT COUNT RESULTS
Table 4.1 summarizes the range of composition of the samples. Overall grain sizes range
from silt to pebble. Quartz composes 30% - 60% quartz, feldspar 6% - 28%, and lithics 0% - 8%.
All samples fall in the feldspathic arenite range. Lithic composition includes meta-igneous
pebbles from the Uncompahgre Uplift and up to pebbled sized rip-up silt-dominated intraclasts.
The lithics average is 3%. Cement volumes are highly variable and range from 0% to 19.6% with
an average of 7%. Cement is primarily poikilotopic calcite, but minor amounts of dolomite and

169

silica cement are present (Figure 4.7A). Primary porosity is most abundant and ranges between
0% – 14% of each sample (Figure 4.7B). Grain coating hematite-stained clay is a

Table 4.1. Point-count derived data for each sample in the study.
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Figure 4.7. Thin section photographs of the main lithologic constituents studied in this chapter. A) is a cross polar
(XPL) photograph showing carbonate cements filling space between grains. B) is an XPL image
showing porosity space between grains. C) is an XPL and reflected light image showing hematite clay
coatings. D) is an XPL and reflected light image showing opaque grains. E) is an XPL and reflected
light image showing biotite and muscovite grains. F) is an XPL and reflected light image showing lithic
grains.
171

common constituent of this rock making up to 12.6% of a sample’s composition with an average
of 8% (Figure 4.7C). Opaque grains are readily observed in each sample, constituting between
0% and 4% of a samples’ composition with an average volume of 1.4% (Figure 4.7D). Their
composition includes sulfides, metamorphic grains, and shale clasts. Biotite and Muscovite are
each range from 0% – 3% (Figure 4.7E). Accessory minerals, primarily sphene and zircon,
comprise less than 1% of sample volumes.
4.7 DIAGENETIC HISTORY
Fractured grains and cross cutting relationships between cements and sulfides suggest a
varied diagenetic history. Hematite clay coatings cover grains, are between grain-to-grain
contacts, and fill in cracks. Thus, they are the most evident early post-depositional feature
(Figure 4.8). They cover grains, are in between grain-to-grain contacts and fill in cracks (Figure
4.8). The likely second post-depositional feature was the precipitation of dark opaque sulfide
minerals. The third event was the precipitation of poikilotopic calcite cement, filling pore spaces
between grains. Samples can be divided into those in which early cements were preserved, and
those in which early cement was either not precipitated or was later dissolved. Both categories of
samples exhibit pressure solution and fracturing of grains (Figure 4.9).
Thin section 13-3, which was sampled from the synclinal axis of B2 records a pre-cementation
alteration of feldspar grains. Thin section 13-7 shows fractured dolomitic cement filled by pinkstained calcite cement, taken from along a radial fault, suggesting multiple cementation events
(Figures 4.4, 4.9)
4.8 2D DISTRIBUTION OF LITHICS, CEMENT, CLAYS, OPAQUES AND POROSITY
Figure 4.10 shows the distribution of lithic grains throughout the study area.
Concentrations above the average of the average volume of 3% are highlighted. Concentrations
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of lithic grains appear thickest in the center of Domain 4, and in a portion of Domain 5, both near
syncline axis. These concentrations occur near where structural restorations suggest there was a
structural low that accumulated channel sediments during the deposition of Unit 6 (Figure 4.6)
(Chapters 2 and 3). Figure 4.11 shows the distribution of hematite clay throughout the study area.
The average content of hematite clays within samples is 8%. Concentrations above the average
occur across Domains 3, 4 and 5 and appear localized near the outer anticlinal hinge. Figure 4.12
shows the distribution of porosity throughout the study area. The average porosity is 8.6%. Three
trends of low porosity percentages (0% - 1%) were found scattered across the data. The first
(Trend 1) was found near the base of unit 6, in domain 4 adjacent to radial fault F3 near the
southernmost edge of Unit 6. The second (Trend 2) also was found in domain 4, near the outer
anticlinal hinge of the salt shoulder. The third (Trend 3) was found in a single stratigraphic
interval within Domain 5 on both sides of fault F4.5. Figure 4.13 shows the variety in cement
distribution across the study area. The average cement volume is 7% and two trends of aboveaverage cement content were observed. The first (1), is isolated within domain 3. The second, (2)
extends across faults 4 and 4.5 between domain 4 and 5. High cement values also appear near the
asymmetrical syncline which is composed of Unit 6 and is prominently exposed near the center
of the study area. Figure 4.14 shows the distribution of opaque grains in the study area. While
opaques only take up a minor percentage of the bulk rock volume, there are notable differences
in their distribution. A narrow belt (A) of 2 -3% opaque mineral values spans the study area,
crossing each mapped fault. This belt is near the outer anticlinal hinge of the salt shoulder.
Closer to the diapir, opaque mineral volumes reduce. An opaque trend (Trend 1) of samples that
contained no opaque minerals was found crossing Fault A, inboard of higher values in opaque
Trend 2.
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Figure 4.8. Thin section pictures of hematite grain coatings in reflected, plane polar (PPL), and crossed polar light (XPL).
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Figure 4.9. Thin section pictures of fracture cement (above) in reflected, plane polar (PPL), and crossed polar light (XPL) and
of fracture feldspars in reflected and crossed polar light (below).
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Figure 4.10 Distribution of lithic grain content across the study area.
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Figure 4.15 shows each of the identified trends plotted relative to each other. Low
porosity zones B and C appear to correlate with high cement zone B, which crosses multiple
Faults B and C. Opaque mineral content also appears to increase around porosity trend 3.
Hematite clay content appears concentrated between Domains 3, 4 and 5 and are distributed
similarly to the opaque mineral content. Lastly, the distribution of high lithic grain content
encompasses each structural domain. There isn’t a clear visual relationship between the
distributions of each measured rock constituent, however low porosity content appears to
generally correlate with high cement content. Hematite clay and opaque mineral content also
appear to have similar geospatial distributions.
4.9 EXPLORATORY STATISTICS AND CLUSTERING RESULTS
Exploratory cross plotting of location, Q, F, L, porosity, cement, opaques, and hematite
was conducted using SciKit Learn’s pairplot algorithm to attempt to find initial correlations
between the concentrations of each component (Figure 4.16). The data were also plotted into a
correlation heatmap using the Sci kit Learn heatmap algorithm (Figure 4.17). An elbow test and
K-means clustering was also attempted but yielded no useful results.
4.10 CROSS PLOTTING
While cross plotting each point counted component with each other didn’t
immediately yield many geologically clear patterns, plotting calcite, hematite, porosity, and
sulfide content against their geographic location did show apparent correlations. Figure 4.16
highlights calcite, hematite, porosity, and sulfide content plotted against their structural domain
locations. For the most part calcite cement concentrations appear to vary throughout each
structural domain. Hematite clay content appears to be marginally highest in Domain 4. Sulfide
content follows that pattern as well. Domain 3 appears to consistently have the highest Unit 6
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Figure 4.11 Distribution of hematite clay content across the study area.
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Figure 4.12 Distribution of porosity across the study area.
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Figure 4.13 Distribution of carbonate cement across the study area.

180

Figure 4.14 Distribution of opaque mineral content across the study area.
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Figure 4.15 Trends shown relative to each other.
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porosity when compared to other structural domains. A hypothesis derived from this exercise is
that Domain 3 may have experienced less cementation than the other structural domains
4.11 CORRELATION HEATMAP
The correlation heatmap exercise yielded few strong relationships. Figure 4.17 shows
labeled correlations and their positive or inverse correlations. Label A is for sulfide content
correlated to QFL content. It shows a small positive correlation between sulfide content and Q
and F content and a small negative correlation with lithic content and sulfide content. Label B is
for sulfide with calcite cement content, which shows a moderate negative correlation. Label C is
for calcite cement with porosity, which shows the strongest negative correlation in this plot,
implying that where there is more cement, there will be less porosity. Label D is for sulfides with
porosity, showing a small positive correlation. Perhaps this could suggest that where there may
be more pore space for fluids to fill there may be more sulfide precipitation. E shows a slight
positive correlation between hematite clay content and lithic content.
4.12 3D POROSITY VISUALIZATION AND PREDICTION
Table 4.2 lists input values for the interpolation and prediction of porosity values.
Porosity was modelled because it statistically was shown to have an inverse relationship with
cement. Figure 4.18a shows the 3D interpolation of porosity and the associated predictions.
Relatively low porosity values are predicted along Fault B. North of Fault B, samples suggest
low porosity values as well. High porosity values are also predicted eastward from Domain 5
towards Domain 6 across from Fault C. Samples 219 A & B were collected to test this eastward
trend. Samples 219 C & D were predicted to have a low porosity adjacent to Fault B. Sample 219
E was collected in a location where high porosity was predicted while Sample 219 F was
collected to test the prediction of low porosity north of Fault B.

183

Figure 4.16. Exploratory cross plots computed using the Sci Kit learn python module and point
count data with an emphasis on the distributions of calcite cement, hematite clays,
porosity and opaque sulfides.
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Figure 4.17. A correlation heatmap computed using the Sci Kit learn python module with annotations for
small positive and negative correlations between QFL volume and sulfide volumes (A), a
small negative correlation between calcite cement volumes and sulfide volumes (B), a
strong negative correlation between porosity volume and cement volumes (C), a slight
positive correlation between porosity and sulfide volumes (D), and a slight positive
correlation between lithic volumes and hematite clay volumes (E).
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Table 4.2. Input data for each sample used in predicting porosity variabilities in the study area.

X

650744.3627
650730.9641
650740.7519
650756.046
650822.5728
650590.5128
650621.1612
650628.9508
650568.1078
650518.2649
650513.8573
650540.5643
650437.9319
650369.4946
650435.6906
650349.0261
650416.7198
650315.6895
650551.3371
650505.7435
650647.5443
650662.8797
650895.5238
650996.6823

Y

4285408.718
4285451.269
4285482.528
4285518.92
4285502.376
4285488.228
4285544.997
4285514.435
4285439.644
4285488.077
4285561.888
4285594.644
4285570.184
4285586.561
4285503.247
4285478.508
4285423.469
4285432.991
4285630.343
4285566.113
4285477.333
4285447.762
4285311.532
4285376.381

Z

1621.495728
1648.657227
1644.324951
1639.912109
1627.450073
1615.605591
1634.230713
1629.114258
1612.211426
1637.204956
1651.177124
1650.494751
1650.300293
1670.772705
1635.007568
1655.107788
1627.515137
1646.458252
1655.00415
1656.241821
1612.697021
1607.346191
1646.05603
1682.539063

Name
13-1
13-2
13-3
13-4
13-6
13-7
13-8
13-9
iso2020-1
iso2020-2
iso2020-3
iso2020-4
iso2020-5
iso2020_6
iso2020_7
iso2020_8
iso2020_9
iso2020_10
ISO219F
ISO219E
ISO219C
ISO219D
ISO219A
ISO219B

Calcite
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0
19
13
2
2
9
10
18
0
2
1
18
0
4
6
16
1
0
2
9
1
2
9
6

Porosity
14
0
0
11
14
11
9
3
14
14
13
2
13
9
13
13
0
11
1
8
7
2
9
7

Time
Aug
Aug
Aug
Aug
Aug
Aug
Aug
Aug
Aug
Aug
Aug
Aug
Aug
Aug
Aug
Aug
Aug
Aug
Feb
Feb
Feb
Feb
Feb
Feb

Opaque

2
0
2
2
1
1
1
2
1
2
1
0
3
1
0
0
0
1
1
2
3
3
4
2

Hematite Lithics
4.6
3.6
7.6
2.6
1
8.3
6
3
4.3
5.6
8.3
3.6
10.3
5.3
3.6
4.3
7.6
4.3
11
5.3
11
5.6
7.3
5
2.3
1.3
10.6
3
6
4.3
5
4
3.6
1.6
8.6
2.6
2.6
3.3
3.6
1
8.6
2.6
0.66
8
2.6
2
12.6
1

Figure 4.18. Initial model and predictions for porosity distributions across the study area (left).
Extended study and ground truth of the predictions (right).
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Figure 4.18B shows a 3D visualization and interpolation of the full dataset. Samples in Domain 6
did not have quite as high porosity values as predicted but did yield average to above average
porosity values. Samples in Domain 5 yielded below average porosity values, with sample 219D
having just a 2% porosity adjacent to Fault C. Samples in Domain 4 met predictions. Figure 4.19
highlights porosity trends observed in the updated dataset. Porosity trend 2 was expanded further
away from the diapir, as predicted. Porosity trend 3 was extended further to the diapir, but the
porosity value of the sample nearest to Fault C was higher than predicted. The results suggest
that low porosities and high cement values may concentrate around specific faults, but more data
is needed to better test modelled predictions.
4.13 DISCUSSION
4.13.1 Applications of drone models, unsupervised machine learning and 3D interpolation
for modelling petrologic heterogeneity
This study explores the application of drone-based photogrammetric models, exploratory
statistics, and interpolation methods for field studies. As with each tool in a scientists’ toolbelt,
there are pros and cons with each tool. A strength of 3D outcrop modelling is the ability to
clearly visualize complex topography, data-distribution, stratigraphy, and deformation. Using
well-designed drone flight plans to collect aerial imagery provides excellent tailor-made datasets
with which to more precisely 3D model a given outcrop and create a high-resolution DEM that
may be useful for DEM-based workflows. This 3D perspective can give a significantly more
insightful view of data point locations and their interpreted trends within structurally and
topographically heterogenous locales. Figure 4.20 shows a comparison between a 2D
interpolation of the data and a 3D interpolation of the data using a similar gaussian interpolation.
The 3D projection highlights structural variability whereas the 2D projection obscures it.
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Figure 4.19. Updated porosity trends after second sampling. See text for discussion.
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Figure 4.20. Comparison between a 2D interpolation and a 3D view of interpolation showing how the 3D approach highlights potential
relationships between data points and deformation.
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This study tries to expand the use of digital tools for field geology beyond 3D
visualization and uses python based exploratory statistical algorithms and unsupervised K-means
clustering algorithms to test their utility for rapidly exploring for multi-dimensional correlations
within small field datasets. In this study digital tools help define gaps and research questions
within an initial dataset. Statistical methods helped to explore distributions of porosity, cement,
and sulfides within and across the structural domains of the study area, showing that some values
were potentially highest within specific structural domains (porosity) and that some rock sample
components may have a relationship to each other (e.g. sulfides with pore space). Many of these
python tools are easily accessible on a field tablet and implementable in QGIS through its python
toolbox. Creative field scientists could collect data onto a tablet and rapidly use these tools to
explore correlations within distributions of grain sizes, facies, veining or other field data whilst
still in the field.
4.13.2 Limitations of these tools
The application of these tools to collect and model data and the subsequent
interpretations are limited by the precision and consistency of the tools used to collect data, the
inherent assumptions within a statistical method used to analyze the data, the density and the
geographic distribution of data.
Inaccuracy in can be introduced into a digital model through limitations of the tools used
to collect data. This study used drone-based imagery to create <1m scale resolution
photogrammetric models and DEMs. These models were overlain by geologic data mapped to
within 2 m of accuracy using a Bluetooth GPS receiver. Common tools for collecting digital
orientation data include android and iphone mobile devices, which have been shown to vary in
consistency and accuracy of measurements (Novakova & Pavlis, 2019). Uncertainty in the
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precision of a model can be introduced during data collection if the drone collecting imagery,
Bluetooth GPS receiver, or mobile devices were unable to locate themselves with necessary
precision. Uncertainty can also be introduced during the model creation stage, if the
photogrammetric model cannot be appropriately georeferenced, the field data not appropriately
plotted onto the model, or model interpolation did not have sufficient data density to create a
realistic model.
This study used out-of-the-box exploratory statistical tools to investigate the dataset and
interpolate values. Seaborn’s sns.pairplot in python automatically cross plots each variable
against each other and also shows the overall univariate distribution of each value in each
column. Interpreting geologic relationships from each cross-plot assumes that collinearity
between two individual variables represents a geologic relationship. This may not be the case, as
some geologic processes may be caused by the interactions of multiple variables, rather than any
given two. This also assumes that the dataset is large enough to test for statistical relationships.
Field-derived datasets run the risk of being statistically insignificant due their generally smaller
sample size and relatively large distances between data points. This study also used the Seaborn
heatmap algorithm in python to automatically draw a heatmap of the input data. The Pearson’s
correlation coefficient is calculated between each variable and shown as a negative (<-1) or
positive relationship (<1) with a value of 0 indicating no correlation. Again, this tool runs the
risk of over-interpreting the significance of a correlation between two geologic variables that
may not be geologically related, and the Pearson’s correlation coefficient is sensitive to outliers,
which may further skew the interpretation of the dataset. The last statistical method used in this
study was a gaussian method, which was used to interpolate the thin section data. It assumes that
the distribution of data set values is symmetrical about the mean value of the dataset. In practice,
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this tool will interpolate the mean value between two adjacent points. This method carries
significant risk for overinterpretation of geologic relationships. It is not the best method for
representing abrupt changes in variable values (e.g. abrupt porosity value changes), and may
“smooth” the dataset, potentially interpolating non-geologic trends between two data points. An
improvement on this workflow would interpolate assuming a student’s T distribution instead of a
gaussian distribution. Students T tests are designed to work with smaller datasets and allow for
varying degrees of freedom between the average value of the sample set and the likely average
value of the sampled population. An interpolation method using a Students T distribution could
potentially better illustrate abrupt changes in variable values.
The geographic distribution of the sample set can also add limitations to an integrated
field-digital data study. This study sampled randomly across the study area to try to explore
potential relationships between cement distributions and radial faults. However, a more focused
study with a targeted sampling program around each fault may have yielded different results.
Ultimately, the growth of the use of computers as field tools creates room for improving how we
explore and communicate our data. It is our responsibility to learn the limitations of our methods,
our datasets, and technology. As geoscience and its tools evolve there is an opportunity to get
even more insight from field data by integrating photogrammetry, outcrop models, and further
statistical analysis and interpolations into these studies.
4.13.3 Comparison to established fluid flow models around the OCSD
Kenroy, 2013 conducted a detailed fracture analysis in the Permian and Mesoszoic
sediments outcropping from Fisher Towers and around the OCSD. He conducted fracture and
joint analysis on data from 19 stations within the Cutler Group sediments overlaying the salt
shoulder on the north side of the diapir finding that most unfolded joints were trending
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subparallel to the OCSD (Figure 4.21). From his data, Kenroy, 2013 developed a
stratigraphically segregated fluid system model to explain oxygen isotope and fluid inclusion
data from within the Permian and Mesozoic rocks he sampled. Fluids within the Pennsylvanian –
Permian rocks likely were in a closed fluid system and derived locally as basinal brines in
contact with the OCSD. Younger Mesozoic samples supported an open system model, where
meteoric water had an influence on fluid composition. Jurassic rock samples show a strong
meteoric fluid signature. Triassic rock samples show mixed basinal and meteoric fluid isotopic
signatures, suggesting that basinal brines may have interacted with the meteoric fluids captured
in the Jurassic rock samples within the Triassic strata.
Observed changes in outcrop color and resistance to erosion suggests that the radial faults
observed at the OCSD may potentially be conduits for fluids over the course of the diapiric
history. More work needs to be done to characterize these cements geochemically (Oxygen
Isotope data), their potential temperatures (Fluid Inclusion data), and paragenesis to further relate
this study’s observations to the model created by Kenroy et al., 2013.
4.14 CONCLUSIONS
In this chapter cement, porosity, and sulfide distributions in Unit 6 in the area around
structural Domains 4,5 and 6. While there is much more work that needs to be done to verify,
this exploratory study suggests that some of these radial faults served as fluid conduits at some
time during the diagenetic history of the salt diapir. New workflows were developed to explore
the collected dataset, where python based exploratory statistics, unsupervised machine learning,
and 3D interpolation across drone models were used to explore relationships within the dataset
and model porosity trends. Integrating digital methods with field geology proves to be a field of
opportunity, allowing scientists to explore their field data more deeply.
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Figure 4.21. Distribution of structural sampling sites and joint orientations from Kenroy, 2013
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Chapter 5: Differentiating between Halokinetic and Non-Halokinetic Deformation at the
Onion Creek Salt Diapir

5.1 ABSTRACT
The Onion Creek Salt Diapir is a 0.6 km wide X 3.6 km long X 1.6 km tall salt diapir
located 19 km NE of Moab, Utah that is surrounded by variably deformed Paleozoic, Mesozoic
and Neogene strata. This study explores deformation localized on the southern side of the
exposed Onion Creek Salt Diapir caprock. The nature, origin, timings and salt structure
classification of the deformation is debated. On the SW margin of the diapir faulted Mesozoic
strata are observed within Neogene collapse blocks that abut the diapir. Small, isolated outcrops
of salt measuring up to 60 m wide by 100 m long outcrop between collapsed blocks and the
surrounding cliffsides and are the subject of debate.
This study uses high-resolution GPS-enabled-tablet and 3D photogrammetric outcrop
model-based field mapping and structural restorations to document deformation styles,
deformation distribution, and classify the debated salt structures across the Onion Creek Salt
Diapir. Field mapping on the SW margin of the diapir shows Permian Cutler Group strata
truncate against isolated slivers of salt, supporting a Salt Horn interpretation. Salt onlapping
Triassic strata are interpreted to be related to reactive diapirism, not due to salt glacier spreading.
Triassic - Jurassic strata thin over a distance of up to 1 km on top of the diapir from the
surrounding cliffsides and are tentatively classified as wedge halokinetic sequences. This
classification extends the timing of passive diapirism into the Jurassic. Variations in collapse
block geometry from the SW margin of the OCSD to the SE margin of the OCSD suggest that
the underlaying megaflap morphology may have served as a partial control on collapse block
geometry and distribution.
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5.2 INTRODUCTION
The Onion Creek Salt Diapir (OCSD) is one of nine exposures of gypsic salt-diapir
caprock outcropping within the Paradox Basin (Figure 5.1). Located In Fisher Valley
approximately 19 km NE of Moab, Utah, this exposure is a world-class natural laboratory for
observing halokinetic deformation related to passive diapirism and diapir roof collapse. Several
authors have mapped the structural relationships between the exposed paleozoic and mesozoic
strata and the OCSD and have debated whether deformation occurred halokinetically or was
initiated tectonically. In this paper I describe the salt-related structures outcropping on the
southern side of the OCSD, re-interpret their structure and classify them as halokinetic or nonhalokinetic. Halokinetic deformation is used to refer to deformation that occurs near a passive
salt diapir that is 1) related to salt movement (halokinesis) and 2) produces salt structures which
are composed of halokinetic sequences (Figure 5.2). Halokinetic sequences are unconformitybound packages of thinned and folded strata adjacent to a diapir that record the complex
interactions between sedimentation and diapirism (Giles & Rowan, 2012). This application of the
term is more specific than the traditional definition of halokinetic deformation, which is used to
refer to any deformation related to salt movement (Trusheim, 1960; Rowan & Giles, Pers.
Comm. 2021). The distinction is important when discussing the deformational history of strata
adjacent to diapirs that have undergone multiple stages of diapirism and differentiates between
salt structures that are composed of halokinetic sequences and formed during passive diapirism
and roof collapse structures or namakiers that occurred later in the diapir’s life due to regional
tectonism, erosion, or salt dissolution. Later-stage collapse features such as roof collapse blocks
that may have formed due to regional tectonism or salt dissolution are not considered to have
been formed during halokinetic deformation since their primary deformational control is regional
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tectonism or salt dissolution rather than the interplay between sedimentation and diapirism
(Figure 5.2).
Four zones of near-salt deformation are exposed around the OCSD and show different
styles of deformation (Figure 3, Plate 3). The northern side of the OCSD contains Zone 1, the
southern side of the OCSD contains Zones 2 and 3, and the eastern side of the OCSD contains
Zone 4. Zone 1 is at the northern margin of the exposed caprock of the OCSD and contains
syndepositionally deformed Permian-aged strata which are in contact with the diapir. Recent
work by Lankford-Bravo et al., 2021a and Lankford-Bravo et al., 2021B interpret the
deformation as halokinetic, identify 8 halokinetic sequences and classify it as burial wedge
deformation above a salt shoulder. This interpretation deviates from previous workers’
hypothesis which attributed deformation to regional tectonics, extension, or salt dissolution
(Hudec, 1995; Boyers, 2000; Doelling, 2002) (Figure 3A). Zone 2 is composed of both the
southwestern and western margins of the exposed caprock of the OCSD. Within this zone thin
60m wide X 100 m long slivers of exposed salt outcrop between collapse blocks. Previous
workers debate between two interpretations: the slivers are salt horns related to diapir roof
collapse or they are evidence of a Triassic-aged Namakier that spread over the surface westward
from the OCSD (Hudec, 1995; Boyers, 2000; Doelling, 2002; Trudgill, 2011; Rasmussen, 2014;
Rasmussen, 2016) (Figure 3B). The causal mechanisms for OCSD roof collapse are also debated,
with previous workers invoking salt dissolution or regional tectonics as its primary driver
(Hudec, 1995; Boyers, 2000; Doelling, 2002).
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Figure 5.1 Location map and schematic for basin geometry. The Paradox Basin is a flexural
foreland basin which contains multiple exposed salt diapirs. The OCSD is an exposed
diapir proximal to the Paradox Basin Uncompahgre Uplift thrust front. Modified from
Trudgill (2011) and Barbeau (2003)
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Figure 5.2 Schematic illustration of non-halokinetic and halokinetic deformation. Halokinetic
sequences (HKS) stack and form composite halokinetic sequences (CHS) which are
rotated against a rising passive diapir. Since they thin towards the diapir, contain
angular contacts, and are rotated adjacent to the diapir they are considered
halokinetically deformed. Diapir roof collapse blocks are considered non-halokinetic
since they are not depositionally influenced by passively rising diapirs. Modified from
Giles and Rowan (2012)
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Zone 3 is at the southeastern margin of the exposed caprock of the OCSD. There, exposed of
Pennsylvanian aged strata steeply abut a sliver of diapir and dip steeply towards the south. Grisi
(2018) interpreted this structure as a halokinetically rotated megaflap (Figure 3C). Zone 4 is at
the eastern side of the exposed caprock of the OCSD and is composed of Paleocene-Pliocene
aged sediments that onlap the diapir and are folded near the diapir/sediment contact (Figure 3D).
Colman (1986) interprets their rotation as halokinetic deformation.
This study uses high-resolution field mapping conducted using Geographic Information
Software on Global Positioning Satellite enabled tablets. Field maps are integrated with a diapirwide 3D photogrammetric virtual outcrop model to precisely document structural and
stratigraphic contacts amongst the deformed sediments surrounding the exposed caprock of the
OCSD to test previous workers’ salt structure classifications. Field relationships and 3D
photogrammetric measurements are used to determine the timing of different deformational
styles exposed at the southern side of the OCSD and classify them as halokinetic or nonhalokinetic. I also update previous workers’ interpretations of the geologic history of the OCSD
to include the timing and nature of newly recognized halokinetic deformation.
5.3 STUDY AREA
The Onion Creek Salt Diapir exposure is located approximately 19 km NE of Moab, SE Utah. It
is roughly 3.3 km long by 1.6 km wide outcrop of gypsic caprock and is one of 9 diapir
exposures outcropping within the Paradox Basin which extends through Colorado and Utah
(Figure 5.1). It is bordered to the north by the Fisher Minibasin and the south by the Pariott
Minibasin (Plate 3). Four near-diapir areas of deformation surrounding the exposed diapir
caprock are investigated in this study: 1. The Northern Margin of the OCSD caprock where
Permian-aged sediments are syndepositionally deformed adjacent to the diapir; 2. The
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Southwestern/Western Margins of the diapir caprock where slivers of diapiric caprock outcrop
between collapsed blocks and the surrounding cliffside; 3. the Southeastern Margin of the diapir
caprock where Pennsylvanian-strata steeply dip away from the salt-sediment contact and 4. the
Eastern Margin of the diapir caprock where Pliocene – Pleistocene sediments onlap the diapir.
5.4 TECTONIC SETTING
The Paradox Basin is a large 190 km x 265 km asymmetric foreland basin created by flexural
subsidence due to the Pennsylvanian basement-involved northwest-southeast trending
Uncompahgre uplift extending through Utah and Colorado (Elston et al., 1962; Baars and
Stevenson, 1981; Barbeau, 2003; Kluth & Duchene, 2009) (Figure 5.1). Passive salt diapirism
within the Paradox Basin initiated with the basinward progradation of Permian-aged sediments
shed from the Uncompahgre uplift and formed NW/W – SE/E trending salt diapirs (Trudgill,
2011). During passive diapirism, sediment-load-induced minibasins formed between salt diapirs
(Trudgill, 2011). Cretaceous – Eocene Laramide compression potentially enhanced pre-existing
structures and squeezed diapirs within the Paradox Basin (Foos, 1999; Boyers, 2000; Ambler,
2004; Baars & Stevenson, 2009; David & Bump, 2009; Klutch & Duchene, 2009; Liu & Gernis,
, 2010; Flowers, 2010). Oligocene – Miocene laccolithic uplifts and the development of
Colorado River systems eroded the strata above diapirs and exposed much of the landscape we
see today (Ross, 1998; Jochems & Pederson, 2015) Some authors hypothesize that Miocene-aged
Basin and Range extension contributed to Cenozoic diapir roof collapse (Ge, 1996; Boyers,
2000).
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Figure 5.3. Proposed explanations for deformation exposed at the Onion Creek Salt Diapir. A. at the Northern Margin of the
OCSD previous workers interpret that deformation occurred over a salt shoulder, salt wing, or was intralayer
deformation caused by regional tectonics or salt dissolution collapse (This thesis; Hudec, pers. Comms; Hudec,
1995; Boyers, 2000; Doelling, 2002). B. at the Western and Southwestern Margins of the OCSD previous
workers identified collapse blocks and hypothesized that salt outcropping between them represented a salt horn
or a salt namakier (Hudec, 1995; Boyers, 2000; Rasmussen, 2014, 2016), C. at the Southeastern Margin previous
workers recognized diapir roof collapse and a megaflap (Boyers, 2000; Doelling, 2002; Grisi, 2018) D. at the
Eastern Margin previous workers interpret Neogene burial of the diapir and rotation of strata (Colman, 1986,
Boyers, 2000, Doelling, 2002).
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5.5 ONION CREEK SALT DIAPIR STRATIGRAPHY
The stratigraphy surrounding the OCSD caprock consists of Pennsylvanian – Jurassic
units and Pliocene – modern units (Figures 5.4, Plate 3). Cretaceous- Miocene sediments do not
outcrop in the study area (Dane, 1935; Colman, 1986; Hudec, 1995; Boyers, 2000; Doelling,
2002). Pennsylvanian – Jurassic strata are complexly deformed along the Northern,
Southwestern/Western, and Southeastern margins of the OCSD caprock. Pliocene - Pleistocene
fanglomerates and younger basin-fill sediments onlap and bury the eastern side of the diapir
(Colman, 1986; Boyers, 2000; Doelling, 2002).
The OCSD is composed of the Pennsylvanian Paradox layered evaporite sequence (LES)
which is the oldest outcropping rock unit in the study area (Dane, 1935; Boyers, 2000; Doelling,
2002). The Pennsylvanian Honaker Trail Formation overlies the Pennsylvanian Paradox LES and
is composed of micaceous sandstone, conglomerate, and fossiliferous limestone (Dane, 1935;
Boyers, 2000; Doelling, 2002; Grisi, 2018). It is overlain by the Permian Cutler Group which
consists of red and purple subarkosic to arkosic sandstone, conglomeratic sandstone, silty
sandstones, and sandy siltstones (Dane, 1935; Boyers, 2000; Doelling, 2002; Grisi, 2018,
Chapter 1 and 2). At its top it is unconformably overlain by the Triassic Moenkopi Formation, a
heterolithic unit composed of purple colored massive sandstone and brown to dark chocolatey
brown colored beds of interbedded laminated micaceous mudstone, siltstone, and fine-grained
sandstone (Dane, 1935; Boyers, 2000; Doelling, 2002; Chapters 1 and 2). The Triassic Moenkopi
Formation is in turn overlain by the Triassic Chinle Formation, a red-brown colored fine to
coarse grained sandstone and siltstone with minor amounts of conglomerates and carbonates that
forms slopes within prominent ledges in the cliffsides surrounding the study area (Dane, 1935;
Boyers, 2000; Doelling, 2002). The stratigraphically younger Triassic-Jurassic Wingate
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Sandstone forms light orange-brown or desert varnished cliffs bound the study area. It is fine
grained, well sorted, and exhibits large high angle eolian dune cross beds (Dane, 1935; Boyers,
2000; Doelling, 2002). The Jurassic Kayenta Formation caps the mesas surrounding the OCSD
and has been documented in collapsed blocks found near the OCSD (Dane, 1935; Boyers, 2000;
Doelling, 2002). It is dominated by fluvial sandstones and is interbedded with eolian and
lacustrine beds near its top. Younger Jurassic strata of the Jurassic Navajo Formation, Moab
Member of the Curtis Formation, Slick Rock Member of the Entrada Formation, Dewey Bridge
Member of the Carmel Formation, and Jurassic Morrison and Summerville Fms. have been
documented adjacent to the southern margin of the diapir and are heavily deformed, making
reliable identification difficult (Boyers, 2000; Doelling, 2002). They have been grouped together
in this study as the Younger Jurassic strata map unit. Previous workers estimate that Late
Jurassic – Cretaceous strata once buried the diapir to a depth of 2 km by the early Tertiary
(Doelling, 2002).
5.6 METHODS
Detailed mapping of the sediments surrounding the OCSD caprock were conducted in
chapter 1 using QuantumGIS (QGIS) software on Chromebooks and Windows tablets paired
with 2m resolution Bluetooth GPS receivers. Mapped contacts and previous work from the
literature (Colman, 1983, Colman et al., 1986, Doelling, 2002, Boyers, 2000, Grisi, 2017) were
integrated onto 3D photogrammetric models with up cm scale resolution. They were built in
Agisoft Metashape from drone-flown aerial surveys and exported to QGIS for further geospatial
analysis. Topographic profile and geologic data plotting for cross section creation was done
using the Qprof plugin in QGIS (Alberto & Zanieri, 2017).
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5.7 DEFORMATIONAL STYLES EXPOSED ON THE SOUTHERN SIDE OF THE OCSD
Two zones of deformation surrounding the exposed diapiric caprock exhibiting different
styles of deformation are investigated in this study (Plate 3): Zone 2, the Southwestern/Western
Margin of the diapir caprock where slivers of diapiric caprock outcrop between collapsed blocks
and the surrounding cliffside; and Zone 3, the Southeastern Margin of the diapir caprock where
Pennsylvanian-strata steeply dip away from the salt-sediment contact. They are described in the
following sections and classified as formed through halokinetic deformation or non-halokinetic
deformation.
5.7.1 Zone 2 Southwestern/Western Margin of the Diapir Caprock Observations
Deformation at the Southwestern/Western Margin of the OCSD consists of collapse
blocks, exposed slivers of salt, and near-salt folds (Figures 5.5, and 5.6). Collapse blocks range
up to 1.2 km long and up to .7 km wide, are composed of Permian Cutler Group – Younger
Jurassic strata and exhibit two different geometric styles. The first geometric style consists of
collapse blocks that are not rotated or minimally rotated relative to the cliffsides surrounding the
OCSD. They are folded into open to gentle synclines and outcrop on the western exposure of the
OCSD caprock (CB1 & CB2) (Figure 5.5). Collapse blocks on the Southwestern exposure of the
OCSD are rotated towards the OCSD caprock (CB3 – CB5) (Figure 5.6). Near diapir blocks dip
up to 79 degrees steeply towards the center of the diapir.
Mesozoic strata exposed within collapse blocks thin slightly towards the center of the
diapir. The Triassic Moenkopi Formation thins up to 42% towards the center of the diapir, the
Triassic Chinle Formation thins up to 20% on the diapir, and the Triassic – Jurassic Wingate
Formation thins up to 50% towards the margin the diapir.
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Figure 5.4 Stratigraphic column including map units, missing map units, and the
timing of major tectonic events. Adapted from Doelling (2002)
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Four slivers of salt outcrop between the collapse blocks and surrounding cliffsides (S1S4) (Plate 3). Three slivers are in contact with Permian Cutler Group (S1-S3) and the
easternmost sliver is in contact Triassic Moenkopi Formation strata (S4). The largest sliver (S3)
is 145 m wide X 120 m long, and smallest is 25 m wide by 45 m long (S1). Where in contact
with Permian Cutler Group strata the contact is sharp and Permian Cutler Group strata dip up to
42 degrees southward, towards the diapir margin (S2) (Figure 5.6). Closer to the exposed diapir
caprock, Triassic Moenkopi Formation strata dip steeply (up to 67 degrees) into the easternmost
sliver (S4) and appears to be onlapped by diapir caprock (Figure 5.7).
Gentle – open synclines are exposed near the salt-sediment contact at the southwestern
and western margins of the OCSD caprock. The southernmost syncline is exposed where rotated
collapse blocks dip towards the southwestern margin of the OCSD caprock and is composed of
Triassic Moenkopi Formation strata which crop out between steeply northward dipping Younger
Jurassic strata and the OCSD caprock. The diapir proximal limb of the gentle syncline consists of
an up to 44-degree S/SW dipping panel of Triassic Moenkopi Formation which is
unconformably overlain by salt (Figure 5.8F). On the western margin of the OCSD caprock a
syncline consisting of Triassic Moenkopi Formation unconformably lies on top of the diapir
(Figure 5.8). Further west, similarly, angled synclines outcrop within collapse blocks (C1 and
C2) composed of Permian Cutler Group – Jurassic-Triassic Wingate Sandstone.
5.7.2 Zone 2 Southwestern/Western Margin of the Diapir Caprock Interpretations
This study interprets the slivers exposed between collapse blocks and the surrounding
cliffs as part of a non-halokinetic salt horn, agreeing with the interpretations of Hudec (1995),
Boyers (2000) and Doelling (2002) and disagreeing with the Namakier interpretation of
Rasmussen (2014; 2016) (Figure 5.3B).
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Figure 5.5 Picture and cross section depicting synclinally folded diapir
roof collapse blocks and a salt horn at the Western Margin of the
OCSD.
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Figure 5.6 Picture and cross section depicting rotated diapir roof collapse
blocks adjacent to the diapir at the Southwestern Margin of the
OCSD.
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Figure 5.7 Stratal relationships at the sliver of diapir outcropping closest to the OCSD. Triassic Moenkopi strata dip into the
sliver. In the background the OCSD onlaps the diapir-proximal limb of an open syncline at the contact with the
diapir.
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Since Namakiers are surficially exposed and spreading salt glaciers, a Triassic-aged
Namakier would be expected to onlap Permian Cutler Group sediments rather than be in a sharp
contact with them. At the easternmost sliver (S4), where Triassic Moenkopi Formation strata
steeply dip into and are capped by salt the Namakier hypothesis does not sufficiently explain
stratal relationships. If a Triassic Namakier flowed, Triassic Moenkopi Formation strata would
be more likely to onlap salt than dip into salt. Figure 10 shows a syncline composed of Triassic
Moenkopi Fm which overlies the OCSD caprock, suggest that by this time the diapir was buried
and unable to onlap sediments in the Triassic. Post-roof-collapse reactive diapirism potentially
explains the presence of salt on top of Triassic Moenkopi Formation strata. As post-Cretaceous
roof collapse occurred and up to 2 km thick roof blocks subsided into the top of the diapir and at
the buried edge of the diapir a salt horn formed, and salt could flow on top of Triassic Moenkopi
Formation strata. The collapse features cross-cut and obscure evidence of earlier halokinetic
deformation. Within collapse blocks Triassic-Jurassic strata thin over a distance of 1 km towards
the OCSD from the surrounding cliffsides and may potentially be divided into halokinetic
sequences. This suggests that passive diapirism continued into the Jurassic, which is longer than
interpreted by previous workers (Trudgill, 2011). The variations in thinning between major units
suggests that the rate of passive diapirism fluctuated through time. A faster rate of passive
diapirism would coincide with higher percentages of thinning towards the diapir as recorded
during the deposition Triassic Moenkopi Formation (42%) and Triassic-Jurassic Wingate Fms.
(50%). In contrast, during the deposition of the Triassic Chinle Formation (20%), the rate of
passive diapirism was slower.
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5.7.3 Zone 3 Southeastern Margin Observations
Deformation at the Southeastern Margin of the OCSD caprock consists of overturned and
near-vertically southward dipping Pennsylvanian Honaker Trail Formation strata against a 500 m
long by 50 m wide sliver of salt (S5) and a poorly exposed succession of Permian Cutler Group –
Younger Jurassic strata that dip northward towards the OCSD (Figure 5.9). South of the sliver of
salt a 1100 m long by 230 m wide panel of Pennsylvanian Honaker Trail Formation steeply dips
southward. At its western limit is an asymmetrical open anticline and its eastern limit is covered
by quaternary alluvium. At the Permian Cutler Group/Pennsylvanian Honaker Trail Formation
contact Permian Cutler Group strata dip up to 81 degrees south. Permian Cutler Group dips
lessen to 19 degrees near the contact with the overlaying Triassic Moenkopi Formation in the
surrounding cliffside. Approximately 130 m south of the Permian Cutler Group/Pennsylvanian
Honaker Trail Formation strata dips change from 81 degrees to 34 degrees at the angular Lower
Cutler/Upper Cutler unconformity (Grisi, 2018). The Triassic Moenkopi Formation and Triassic
Chinle Formation outcrop in the surrounding cliffsides and dip ~20° south. They are capped by
the Triassic-Jurassic Wingate Sandstone which dips 2° - 6° southward at its top. North of the
sliver of salt Pennsylvanian Honaker Trail Formation and Permian Cutler Group strata dip 24 –
31 degrees northward. Much of this area is covered by Neogene sediments but sparse exposures
show a thinned Pennsylvanian Honaker Trail Formation – Jurassic Kayenta Formation
succession. Within the succession, dips become gentler up to the Triassic-Jurassic Wingate
Sandstone which dips 16 ° northward. The Jurassic Kayenta Formation dips 36° degrees
northward into the diapir.
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Figure 5.8 Outcrop panorama of Triassic Moenkopi Fm. strata onlapping the diapir at the Western Margin of the OCSD. In
the background diapir slivers are outlined and so are synclinal collapse blocks.
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5.7.3 Zone 3 Southeastern Margin Interpretations
This study agrees with previous authors that the panel of steeply dipping Pennsylvanian
Honaker Trail Formation is a megaflap adjacent to a thin sliver of salt which is a salt horn
(Hudec, 1995; Boyers, 2000; Grisi, 2018) (Figure 5.3C). North of the salt horn, northward
dipping strata are remnants of collapsed roof. Subsurface interpretations based on seismic by
Hudec (1995) and Trudgill (2011) support the continuation of the megaflap into the subsurface
south of the OCSD. At its western limit, the megaflap terminates in an anticline. Its westward
continuation is obscured by collapse blocks, making it difficult to interpret the subsurface extent
of the megaflap. Published cross sections by Hudec (1995) and Trudgill (2011) are derived from
seismic and suggest that to the west the megaflap maintains a constant limb length that gradually
decreases in dip along strike. Angular contacts within the Permian Cutler Group suggest that
megaflap rotation occurred during the Permian and was halokinetic (Grisi, 2018). Roof collapse
strata outcropping north of the salt horn dip more gently (36°) than collapsed block strata
exposed adjacent to the Southwestern/Western Margin (79°). Roof collapse is classified as nonhalokinetic salt-related deformation.
5.9 DISCUSSION
5.7.6 Diapir-Parallel Variations in Structure on the Southern side of the OCSD
Diapir-parallel variations in structure are observed across Zones 2 and 3 where the
orientation and morphology of collapse blocks changes across the entire southern side of the
exposed OCSD caprock (Figure 5.10). In addition to variations in collapse block morphology
there are also variations in the exposed and buried megaflap orientation across the
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Figure 5.9 Picture and cross section showing the megaflap and
salt horn at the Southeastern Margin of the
OCSD.
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southern side of the OCSD (Figure 5.10). At the southern side of the OCSD collapse blocks
increase in dip towards center of the diapir. The westernmost blocks are folded into synclines at
the Western Margin of the OCSD caprock (CB1 – CB2). At the southwestern margin of the
OCSD caprock collapse blocks are rotated towards the OCSD caprock and steeply dip into the
diapir caprock (CB3 – CB5). At the southeastern margin of the OCSD caprock collapse blocks
dip more gently into the diapir (CB5).
5.7.1 Halokinetic Sequences within Mesozoic Strata
Although younger diapir roof collapse obscures earlier halokinetic deformation there is
evidence to suggest that the Triassic Moenkopi Formation, Triassic Chinle Formation and
Triassic-Jurassic Wingate Fms. were deposited within halokinetic sequences near the OCSD.
Halokinetic sequences are unconformity bound packages of strata that thin onto and are folded
adjacent to passive diapirs (Giles and Rowan, 2012). Angular contacts are difficult to identify
within the collapse blocks, however 3D photogrammetric model-based thickness measurements
show that the Triassic Moenkopi Formation, the Triassic Chinle Formation, and the TriassicJurassic Wingate Sandstone thin towards the OCSD from the surrounding cliffs, suggesting that
each unit may be composed of wedge halokinetic sequences. There aren’t sufficient exposures of
Jurassic Kayenta Formation and Younger Jurassic strata to compare near diapir caprock
thicknesses to distal-to-diapir thicknesses, yet slight angular contacts between the Jurassic
Kayenta Formation and Triassic-Jurassic Wingate Sandstone within collapse blocks (CB4 –
CB5) suggest that halokinetic sequences formed during the Jurassic. Colman (1984) shows
Pliocene-Pleistocene strata thinning towards the diapir and with angular contacts, suggesting that
they were deposited in halokinetic sequences.
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5.10 CONCLUSIONS
This study used high resolution field mapping coupled with 3D photogrammetric outcrop
models to map deformation surrounding the Onion Creek Salt Diapir to test previous workers’
interpretations of salt structures, determine causal mechanisms for deformation, and classify
them as halokinetic or non-halokinetic. This study describes four zones of deformation which are
located at the Northern, West/Southwestern, Southeastern, and Eastern Margins of the OCSD
caprock and studies the West/Southwestern and Southeastern zones of deformation. At the West
and Southwestern Margins of the OCSD caprock diapir roof collapse blocks are composed of
Mesozoic strata. Between collapse blocks slivers of salt are exposed and in this study are
interpreted to be a salt horn structure created during diapir roof collapse. At the Southeastern
Margin of the OCSD caprock a halokinetic megaflap composed of Pennsylvanian strata is
exposed adjacent to salt horn. An angular unconformity within the Permian-aged strata
immediately overlaying the megaflap require that megaflap rotation have occurred during
Permian diapirism.
This study observes that collapse blocks are localized to the southern side of the OCSD
and change in morphology from the Western to Southeastern Margins of the OCSD caprock
from synclinally folded collapse blocks in the west to rotated collapse blocks that dip into the
diapir in the east. Though not well exposed at the surface, published seismic-based sections
suggest that the megaflap at the Southeastern Margin of the OCSD caprock maintains limb
length and gradually lessens in dip beneath the Western and Southeastern Margins of the OCSD
caprock. Thickness measurements within collapsed roof blocks show that Mesozoic strata
thinned towards the OCSD and suggest that passive diapirism continued into the Jurassic.
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Figure 5.10 Schematic depictions of collapse block morphology and megaflap orientation changes from the
Western Margin to the Southeastern Margin of the OCSD. Subsurface megaflap orientations are
taken from Trudgill (2011) cross sections.
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Chapter 6: Conclusions
6.1 SUMMARY OF CONCLUSIONS
Conclusions from each chapter are summarized below:
1. Cutler Group sediments outcropping on the north side of the Onion Creek Salt Diapir
were deposited within at least 8 wedge halokinetic sequences and 4 tapered composite
halokinetic sequences that progressively onlapped the diapir margin and were
progressively deformed
2. Unit thicknesses show lateral variation across a 600 m zone of deformation near the
exposed salt sediment interface. They vary laterally across the salt-sediment interface,
thin towards the diapir and thicken away from it, and thicken into syndepositionally
formed synclines and thin onto anticlines
3. Facies changes occur across syndepositional folds and faults. They also vary laterally
across the exposed salt-sediment contact. They do not show abrupt or gradual facies at
the outer anticlinal hinge and erosively onlap the diapir
4. Syndepositional deformation within a 600 m zone around the exposed salt-sediment
contact formed a series of syncline microbasins that accommodated additional sediment
near the passive diapir margin.
5. Fluvial systems likely continued across the diapir throughout the deposition of the
Permian Cutler Grp, depositing a reduced amount of sediment without being redirected
by diapiric topographic highs
6. The salt structure outcropping on the North side of the OCSD is a Permian-aged saltshoulder where sedimentation outpaced diapirism and was deposited on an instep of the
diapir margin
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7. Folding and faulting occurred syndepositionally on the salt shoulder near the salt-

sediment interface and varies in morphology across the salt sediment interface. Four
styles of folds are recognized and four styles of faults are recognized.
8. Fold wavelengths increased as thicker packages of sediment were deposited on the salt
shoulder
9. Laramide Tectonics, collapse from salt withdrawal, regional extension, Paleozoic
regional tectonics, stem push, and slumping do not sufficiently serve as explanatory
mechanisms for the deformation observed above the salt shoulder. Gravity spreading over
a shallow salt detachment is a favored mechanism to explain the detachment folding
observed in the area.
10. Radial faults in some locations coincide with increased percentages of opaque minerals,
reduced porosity and carbonate cement around them. This suggests that they potentially
were fluid conduits throughout the history of the diapir, but geochemical studies need to
be conducted to confirm.
11. Exploratory statistics, and visualizations of interpolations over 3D outcrop models aid in
the interpretation and exploration of geologic data and may be successfully integrated in
field studies, but require a firm understanding of the underlaying geologic processes
controlling data distributions
12. A variety of salt structures have been proposed to explain deformation exposed around
the salt diapir. This study concludes that a salt shoulder, megaflap, salt horns, and a
collapse zone and zone of reactive diapirism can be observed at the OCSD. A salt
Namakier is not present at the OCSD
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13. Cross-cutting relationships suggest that a salt shoulder formed coevally with a
halokinetically rotated megaflap. Post-mesozoic roof collapse initiated reactive diapirism
which is ongoing
14. Along-diapir changes in megaflap morphology likely impacted Neogene roof collapse
morphology
15. Unit thickness measurements within collapse blocks show that strata thinned towards the
diapir into the Jurassic, dating Onion Creek Salt Diapir passive diapirism into the Jurassic
6.2 LIMITATIONS
Surficial relationships are very well exposed across the OCSD. Coupling bluetooth-gps
enabled tablets with GIS software and 3D photogrammetric outcrop models made from aerial
drone-based photography allowed for unprecedented levels of precision in mapping stratal
relationships and deformation across the diapir. However, in this workflow, interpretations are
limited to what is exposed on the surface. Proprietary seismic across this diapir are inaccessible
and of old vintages, lacking near-diapir resolution. No wells penetrate the outcrops studied and
correlations to nearby wells are made through relating the work in this study to regional seismic
and well derived studies.
6.3 APPLICATIONS OF THIS WORK
The OCSD offers an exceptional look at the development of salt structures near a passive
diapir and a reactivated diapir. and distribution. Understanding salt diapirism is important for the
exploration and production of petroleum, understanding salt diapirs as carbon, helium or nuclear
storage sites, understanding them as natural hazards, understanding them as geothermal sources
and for the academic understanding of the unique interactions between depositional systems and
salt diapirs. In the petroleum industry my work may reduce uncertainty in imaging subsurface
222

near-salt stratal geometries which are notoriously difficult to resolve seismically (Hale et al.,
1992; Ratcliff et al., 1992; Hones and Davison, 2014). Additionally, this study may be used as an
outcrop analogue for the subsurface distribution of sediments near diapirs or for verifying
structural restorations. Understanding possible salt structures near diapirs helps constrain
assumptions within structural restorations and may offer insight into the geologic history of an
area of interest (Rowan and Ratliff, 2012). This study is similarly applicable in the carbon
capture industry when considering storage sites near diapirs, or the geothermal industry when
exploring for appropriate reservoirs near salt (Daniilidis and Herber, 2017; Gluyas and Bagudu,
2020). The Onion Creek Salt Diapir offers a glimpse into a Paleozoic – Cenozoic history of a
diapir that has experienced passive and reactive diapirism. Cenozoic interactions between the
OCSD and basin suggest that detailed studies on local erosion and salt diapirism rates be
conducted when evaluating potential storage sites for nuclear, hydrogen, natural gas or other
resources to prevent leakages or natural hazard catastrophes (Ker, 1999).
6.4 OUTLOOK & FUTURE WORK
This study presents a geologic history for the sediments surrounding the Onion Creek
Salt Diapir with the most detailed attention paid to Permian-aged syndepositional deformation.
The results from this dissertation can serve as a foundation for further work into three distinct
branches: 1) Identifying best practices, refining workflows, and defining new applications of
integrating field and digital data for analysis and communication; 2) detailed studies of the
kinematics of salt shoulder deformation and lateral variations in halokinetic sequences; and 3)
adding resolution to the Permian Cutler Grp. paleogeographic map.
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6.4.1 Application of Technology to Field Data
Early adoption and application of new technology is challenging and rewarding.
Challenging because the data formats, workflows, and technologies are usually ill-fitted for the
new applications researchers are trying to adapt them to. Rewarding, because the innovator is
wrestling with problems that require a deep knowledge of the tools being applied. In many cases
once a new application becomes easily accessible to non-specialists, there are increasing risks of
working with a “black box” toolkit where the user has no knowledge of the underlaying
assumptions made in any available algorithms or workflows. In this study I adapted drones,
statistics, and new python tools to explore their use in field settings. At the onset of this study
pre-planned drone flight tools were available at the specialized open-source level or at the
enterprise level. At the end, a simple free-phone app can plan and fly near-perfect data collection
missions after a few button-presses on a smart-phone. The accessibility has brought virtual
outcrop models to a large audience and multiple software packages are in competition to become
the dominant tool and repository for geologic models. With such ease of access to data and datacollection tools future modelers or interpreters aren’t required learn some of the nuances of data
collection and model building, creating risk for the misinterpretation and misrepresentation of
data. For example, if a software suite offers a tool to measure dip on a virtual outcrop model
simply by clicking a button the user isn’t necessarily required to understand the various ways
that that dip measurement can be calculated. Perhaps the software assumes that the dip is the best
fit plane of the slope of strata within 4 m of where the user clicked. This could become
problematic if the user is working in heterogeneously deformed area. Or, perhaps the software
applied a support vector machine learning algorithm to project a selected interval into the
subsurface along a curve. That could potentially yield different results than the previous method,
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and in outcrop. With new technologies and capabilities – more work needs to be done in
establishing and communicating best practices to students and new practitioners that incorporate
the fundamentals of our field with the new capabilities.
The results of Chapter 4 are an example of this need. Currently neither the interpolation
workflow nor a similar workflow have been implemented in software packages – limiting the
workflow to those practitioners who code. More work has to be done to make this workflow
available to new users and care has to be taken that they learn the limitations of gaussian
interpolation and trying to statistically model geologic processes to ensure that the results are
always related back to observations from the outcrop. All risks of over-interpretation aside, these
workflows show the potential of quantitatively integrating outcrop data with digital models.
6.4.2 Kinematics of Salt Shoulder Deformation and Variations in Halokinetic Sequences
Chapters 2 and 3 showed that Permian Cutler Grp. on the northern side of the OCSD
deposited and deformed in a dynamic setting. Angular relationships between units in Chapter 2
varied laterally across the structural domains and structural restorations in Chapter 3 showed that
individual structural domains had different deformational histories. The observations
documented in this study and the conclusions that were reached provide the foundation for future
work investigating the relationships between and controls on salt shoulder width, microbasin
geometry and timing, heterogeneities in halokinetic sequence boundary expression, and outer
anticlinal hinge rotation. The salt shoulder shows variable width across the entire study area – is
that controlled by diapir rise rates, heterogeneities in erosion during major unconformities,
shoulder location on the diapir or another process? This study suggests that microbasins, like
folds, increased in width (wavelength) with thickness. Is microbasin widge compared by beam
thickness or is there a relationship between the steepness of the diapir, width of salt shoulder, and
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beam thickness that controls the distribution of microbasins? In chapter 2 halokinetic sequences
were observed to range in angularity from 0 – 8* along strike within a given unit. What are the
primary controls on that angle change and what do they imply for the evolution of the diapir
during the erosion or non-deposition occurring when halokinetic sequence boundaries form?
The results and data collected in this study will help provide the foundation to explore these
questions.
6.4.3 Adding Resolution to the Permian Cutler Grp. Paleogeographic Map
This dissertation added resolution to our understanding the distribution of Permian Cutler
Grp. sediments during Paradox Basin diapirism by concluding that the OCSD did not act as a
topographic high that rerouted Permian fluvial systems. Instead, fluvial systems adjacent to the
OCSD were able to flow towards the SW. This result and these methodologies must be compared
to the outcrop at other diapirs within the OCSD. What are the Permian Cutler Grp. fluvial system
relationships with the Salt Valley salt wall? What about at the Sinbad Salt wall? What happened
in the spaces into between salt walls? Were the salt walls all connected until Cenozoic
dissolution and roof collapse isolated them, or did E/W minibasins or regional bypass systems
form? This study created an informal undifferentiated Permian Cutler Grp. stratigraphy that can
be carried westward into the Richardson Ampitheatre, Professor Valley, Cache Valley and Salt
Valley. If done, the Paleozoic – Mesozoic salt-tectonic events occurring between the OCSD and
the Salt Valley salt wall can be explored in unprecedented levels of detail and add constraints to
our understanding of the geologic history of the strata currently being incised by the modern
Colorado River.
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Appendix

Appendix 3.1: Domain 1 structural restoration along A-A’. See Panel 2 for location.
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Appendix 3.2: Domain 2 structural restoration along C-C’. See Panel 2 for location.
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Appendix 3.3: Domain 3 structural restoration along D-D’. See Panel 2 for location.
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Appendix 3.4: Domain 4 structural restoration along F-F’. See Panel 2 for location.
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Appendix 3.5: Domain 5 structural restoration along H-H’. See Panel 2 for location.
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Plate 1. Generalized geologic map of Fisher Valley and the surrounding areas.
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Plate 2. Geologic Map of the northern side of the Onion Creek Salt Diapir
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Plate 3. Geologic map of Fisher Valley
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